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ABSTRACT
Johnson, Jermaine O’Bryan. Ph.D. The University of Memphis. August 2015.
Directions Toward the Design and Synthesis of Photochromic Organomanganese
Systems Based on Ultrafast Linkage Isomerization. Major Professor: Theodore J. Burkey,
Ph.D.
Our group designs and investigates photochromic organometallic systems that
undergo a photo-induced, ultrafast linkage isomerization between two tethered functional
groups and form thermally stable photochromes, which are required properties for optical
data storage and image processing applications. These goals were approached by
exploring (η5-pentalenyl)Mn(CO)3 complexes with coupled functional groups tethered on
the saturated pentalene ring. Alternative synthetic approaches to the formation of
functionalized (η5-pentalenyl)Mn(CO)3 complexes were performed with less expensive
reagents than previously reported. A (η5-pentalenyl)Mn(CO)3 complex with a
propargyloxy side chain, HpOCCH, shows a 32% increase in yield of chelate photoproducts in comparison to the non-pentalenyl analog, CM-OCCH. However, timeresolved IR studies provide mechanistic evidence of chelation after solvent coordination
or agostic interaction in the nanosecond timescale.
A series of (η5-cyclopentadienyl)Mn(CO)3 derivatives containing a 2-pyridinyl
group coupled to a variety of hydrazone groups, A9, A7, and A6 ((η5-C5H4R)Mn(CO)3, R
= CH2C(NN(CH3)2)Py, CH2C(NNHPh)Py, CH2C(NNH2)Py, respectively, where Py =
2-pyridinyl) have been synthesized and characterized spectroscopically in addition to
their phenyl analogs, A13, A8, A12, ((η5-C5H4R)Mn(CO)3, R = CH2C(NN(CH3)2)Ph,
CH2C(NNHPh)Ph, CH2C(NNH2)Ph, respectively). Of the six hydrazone compounds, the
two with a dimethylhydrazone group, A9 and A13, produce thermally stable chelates,
while A9 displays photochromic properties. Quantum yields for the formation of
iii

photoproducts cA9py and cA9hy from A9 are 0.26 and 0.12, respectively, due to
competing photon absorption by the sidechain. Irradiated A7, A6, and A8 produce
unstable hydrazone chelates, which tautomerize to azo chelates while irradiated A12
forms a hydrazone chelate that decomposes. Time-resolved IR studies of the six
hydrazones show ultrafast chelation with no evidence of transients.
A series of (η5-cyclopentadienyl)Mn(CO)3 derivatives containing alkyne groups
coupled with either a methylsulfide (S1-CCH and S1-OCCH) or 2-pyridinyl group
(Py1-CCH and Py1-bisCCH) were also synthesized and characterized. UV irradiation of
S1-CCH, S1-OCCH, Py1-CCH, and Py1-bisCCH produces stable chelates, but
subsequent irradiation of methyl sulfide chelates at various wavelengths does not lead to
isomerization.
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CHAPTER 1. INTRODUCTION

1.1

Photochromic materials
Photochromism is a reversible conversion between two states where at least one

direction is driven by the absorption of electromagnetic radiation, and the conversions are
characterized by changes in color, hence a difference in electronic spectra.1 The idea of
using photochromes for high-speed optical computer memory was first reported in1955
by Hirshberg, who investigated the photo-reversible ring opening and closing of
spiropyrans.2 Hirshberg reported that UV irradiation of a colorless spiropyran resulted in
C-O bond cleavage and the formation of a colored, but thermally unstable, zwitterion
(Scheme 1). Though the system exhibited reversibility, fatigue and slow reaction times
were drawbacks.

Scheme 1. An example of a spiropyran photochromic system

Another well-studied organic photochromic system, which undergoes
photo-responsive cis-trans isomerization, is azobenzene (Scheme 2).3 UV irradiation
converts the trans isomer to the cis isomer, though the latter must be heated to isomerize.

1

Scheme 2. Azobenzene undergoing photoisomerization

Another example of an organic photochrome is the fulgide Aberchrome 540,
which photolytically undergoes an electrocyclic rearrangement (Scheme 3).4 The
photochromes are thermally stable, fatigue resistant, and relatively well-resolved in the
electronic spectrum, making the system well suited from chemical actinometry.

Scheme 3. The fulgide Aberchrome 540, an organic photochrome
used for actinometry
In addition to organic systems, inorganic systems have also been studied, which
have shown better resistance to fatigue. For example, Rack et al. discovered that
complexes consisting of ruthenium polypridine and DMSO exhibit photochromic
behavior via an S-to-O linkage isomerization (Scheme 4).5

Scheme 4. Rack’s Ru-DMSO photochrome
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The sulfur-coordinated isomer photolytically converts to the oxygen-coordinated isomer,
which thermally reverts back to the sulfur-coordinated isomer. This shows that the
system is not considered bistable.
1.2

Desirable properties of photochromic materials
In order for photochromic materials to be considered applicable toward optical

data storage, requirements devised by Kawata must be met.6 The systems must possess
thermal stability of both isomers, high quantum yields, high fatigue resistance during
cycles, and fast response. For a system to be considered as having thermal stability, each
isomer must remain in their respective form until induced to photoisomerize. Moreover,
for these isomers to show high selectivity, they must either have maximum absorbancies
with considerably different extinction coefficients or have maximum absorbencies at
considerably different wavelengths. This requirement ensures optimal selectivity, where
only one isomer is absorbing a photon and isomerizing. Fatigue resistance is the ability
for isomers to photo-switch multiple times without losing a photochromic response. As
demonstrated in Scheme 5, a system with isomers A and B can suffer from fatigue if the
number of molecules of each diminishes as a result of B irreversibly converting to side
product C.

Scheme 5. A general mechanism of a photochromic
system with fatigue10
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Lastly, an ultrafast response is necessary to not only to eliminate competing processes
(i.e. decomposition, solvent coordination) that could lead to side products but also to
perform a large number of switches in the shortest time.
1.3

Previously studied organometallic photochromes

1.3.1

Photochromic organometallics via free ligand isomerization
Many organic and inorganic7 photochromes exist; however, organometallics are

of interest due to their synthetic diversity.8 The Burkey group is exploring tricarbonyl
(η5-cyclopentadienyl) manganese, cymantrene, derivatives as a basis for an
organometallic photochrome because of its thermal stability and reported quantum yields
being greater than 0.5 for photosubstitution of ligands.9 Moreover, much work to
characterize cymantrene complexes has been done, but no bistable organometallic system
had been reported before the Burkey group’s report of a methylcymantrene photochrome
involving 3-cyanomethylpyridine (Scheme 6).10 The pyridinyl adduct is a red isomer,
while the nitrile adduct is yellow.

Scheme 6. Bistable, untethered methyl cymantrene
/3-cyanomethylpyridine photochromes

This system is thermally bistable and reversible, but the untethered
3-cyanomethylpyridine ligand is able to leave the solvent cage upon irradiation. This
proved to be problematic as side reactions with solvent or other metal centers led to
system fatigue. Compared to the rate of solvent coordination, isomerization proved to be
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a slow process, and the system required an excess of the ligand to reduce considerable
fatigue. These observations suggest that the ligand leaves the solvent cage instead of
direct isomerization.
1.3.2

Chelation of cymantrene derivatives
To see if ligand substitution can occur without ligand recombination, the Burkey

group studied the chelation dynamics of S1, a complex with a mono-methylsulfide group
tethered on an acetyl cymantrene side chain (Scheme 7).11 Time-resolved IR studies
showed that after a CO dissociates from S1 upon UV irradiation, a sulfide chelate is
observed in a 1:1 ratio with a solvent adduct within 100 ps. They also found that chelation
from a solvent adduct intermediate can provide a much faster substitution than a
bimolecular substitution with a free ligand. Later studies showed that the
bis-methylsulfide analog S2 behaved similarly to S1 after UV irradiation, but the
tris-methylsulfide analog S3 showed chelation within 100 ps with no evidence of solvent
coordination.12 It was suggested that the difference in reactivity of S3 compared to
analogs S2 and S1 was due to increased availability of methylsulfide groups, which
provided faster coordination than the solvent.
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Scheme 7. Effects of irradiation on S1, S2, and S3

1.3.3

Photochromic organometallics via linkage isomerization
To promote more efficient, faster, and more fatigue resistant photochromic

response, systems were created where ligands were tethered to the metal complex. In
doing so, rotational motion was significantly reduced and functional groups were
incapable of leaving the solvent cage, which increased the speed of the reaction and
minimized side product formation. In addition, if the ligand contained two functional
groups similar to Scheme 8, the conformation of the side-chain could provide an axis
about which two coordination sites can rotate in a coupled motion. As one functional
group on the chain dissociates from the metal, the other is forced into an appropriate
position to coordinate. With this design, the bifunctional systems behave as restricted
molecular machines that can photolytically switch between two isomers.
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Scheme 8. Generalization of organometallic
photochrome undergoing linkage isomerization

A1 was a side product formed while attempting to prepare the corresponding
alcohol (Scheme 9).13 When A1 was irradiated, the oxygen chelate cA1O was formed
(blue chromophore); however, the oxygen chelate thermally isomerizes to the pyridinyl
chelate cA1py (purple chromophore) at room temperature. The system is photochromic
but not bistable.

Scheme 9. Photosubstitution of A1

To determine factors that affect the stability of carbonyl oxygen chelates, the
group studied the photochemistry and dynamics of the chelation of A1 versus A5 and
A11 (phenyl and 4-pyridinyl analogs of A1, respectively; Scheme 10).14 The study on the
steady-state irradiation of A5 and A11 showed that their oxygen chelates formed but
decayed on a minute time scale. In fact, the linkage isomerization of cA1O to cA1py is
faster than the observed decay of A5’s oxygen chelate even when A5 is in the presence of
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a 10-fold excess of pyridine. In the absence of pyridine, the oxygen chelate of A5
persisted for more than 24 hours. Upon the irradiation of A11, the oxygen chelate is
observed along with an unknown transient species on the minute timescale.

Scheme 10. Photosubstitution of A5 and A11 with pyridine

To further investigate the stability of sulfide and pyridinyl chelates against CO
recombination, S3 and A1 solutions were irradiated under carbon monoxide and allowed
to thermally equilibrate while being monitored via FTIR spectroscopy (Scheme 11).15
Within instrumental error, the presence of CO does not affect the stability of the S3 and
A1 chelates.

Scheme 11. Irradiation of S3 and A1 in the presence of CO
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In 2011, Kelbysheva et al. reported the synthesis and characterization of a series
of photochromic, bifunctional cymantrene derivatives containing an allyl group coupled
with either a 2-pyridinyl or a carbamate group (Scheme 12).16

a)

b)
Scheme 12. Examples of Kelbysheva et al.’s cymantrene
photochromes. The systems are comprised of a) allyl/2-pyridinyl
chelates and b) allyl/carbamate chelates.

In these systems, UV irradiation of the respective allyl chelate leads to the
formation of either a pyridinyl chelate or carbamate chelates. However, in each case, the
pyridinyl chelate and the carbamate chelates thermally isomerizes back to more stable
allyl chelate, showing that the systems are not bistable.
The first example of a bistable organometallic photochromic based on linkage
isomerization with an arene chromium complex was reported by Duke et al. (Scheme
13).17
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Scheme 13. Bistable arene chromium photochrome with allyl/
2-pyridinyl chelates

The arene chromium photochrome incorporated tethered alkene and pyridine groups, but
ultrafast studies showed the reversible linkage isomerization occurs on a nanosecond
timescale (forms 50 ns after irradiation) via a solvent coordinated intermediate (forms in
less than 100 ps).
1.4

Purpose
The goal of the Burkey group is to develop photochromic compounds that

undergo reversible linkage isomerization with chelating ligands on a sub-picosecond
timescale. The compounds should not only be ultrafast, but also bistable and efficient,
exhibiting high quantum yields for ligand photosubstitution. Previous research has
produced compounds that demonstrate one or more of these photochromic properties, but
not one exhibits all of the properties. Ultimately, the target compounds may be used in
applications such as optical data storage and as molecular machines in optically
controlled devices.18 With the use of time-resolved IR spectroscopy, the rate of chelation
and linkage isomerization can be determined on picosecond to nanosecond timescales,
and the efficiency of chelation can be measured via actinometry.
1.5

Synthesis of cymantrene photochromes with tethered groups
With the goal to produce faster, less fatiguing photochromes with high quantum

yields, I synthesized and characterized an array of cymantrene derivatives with tethered
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hydrazone, alkyne, sulfide, and 2-pyridine groups. Photolytically chelated sulfide,11
alkyne,19 and pyridine14 groups have been reported, and these complexes are proven to be
synthetically approachable and stable. Pyridinyl groups are chelating functional group in
several analogs due to its stability as a six-membered ring chelate.20 Hydrazones were
computationally predicted to form more stable chelates when coupled with a pyridine
group.21
1.5.1

Tethered hydrazone groups
The instability of A1’s oxygen chelate (due to the presence of the

stronger-binding pyridine and a low energy path to isomerization) led to the idea of
replacing the oxygen with nitrogen. Hydrazone derivatives A9, A13, A7, A8, A6, and
A12 (Scheme 14) were synthesized from modified procedures reported by Fernandez et
al.22 and Day et al.23

Scheme 14. General hydrazone synthesis

A9 and A13 contain dimethylhydrazone substituents, but they differ in that A9
also contains a 2-pyridinyl group while A13 contains a phenyl group. A7, A8, A6, and
A12 are derivatives that contain a hydrazone group, where at least one of the substituents
on the group is a labile hydrogen atom. When irradiated with UV light, these complexes
are expected to form a hydrazone chelate and a pyridinyl chelate, if applicable (Scheme
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15). However, hydrazones are well known to cis/trans photoisomerize24 as well as
tautomerize to azo and enamine groups (if the hydrazone is mono-substituted). These side
reactions may prove problematic for obtaining high quantum yields.

Scheme 15. Proposed routes of hydrazone isomerization

To further investigate isomerization and photochemistry of hydrazone groups,
organic model compounds that are similar to cymantrene analogs were synthesized and
studied. DBPh and DBMe2 were synthesized by reacting deoxybenzoin with
phenylhydrazine or N, N-dimethylydrazine, respectively, under acidic conditions
(Scheme 16).22

Scheme 16. Proposed synthesis and cis/trans isomerization of DBPh and
DBMe2
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1.5.2

Tether with thioketone group
In addition to hydrazone groups, a thiocarbonyl group was considered for

replacing the weakly coordinating carbonyl group of A1, though previous synthesis
studies by To Tung have shown the thionation of aryl ketones (more specifically
acetophenone) with phosphorus pentasulfide to be unsuccessful.25 With remaining
interest in a possible target compound with 2-pyridine and thiocarbonyl bifunctional
groups, the study was revisited with the purpose of searching for alternative synthetic
methods. The thionation of A5 and a series of model ketones analogous to A1 and A5
were performed based on a procedure using Lawesson’s reagent (LR) and a
microwave-accelerated (MW), solvent free method (Scheme 17).26 Reactions with ethyl
picolinate and ethyl benzoate, reagents in the syntheses of A1 and A5, respectively,14
were performed as an alternative to making the target thiocarbonyl compound.
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Scheme 17. Proposed synthetic method of thionation of a series of
carbonyl compounds: A5, benzophenone, acetone, 2-acetylpyridine,
acetophenone, ethyl picolinate, and ethyl benzoate

1.5.3

Tethered alkyne groups
Rybinskaya et al. investigated the UV irradiation of CM-OCCH, a

monofunctional cymantrene complex containing a propargyloxy tether.27 The thermal
stability and spectral characterization of the alkyne chelate were reported, but the spectral
results were inadequate for comparison purposes. No spectra were presented, and IR
analyses were performed without solvent. The synthesis and characterization of
cCM-OCCH in an alkane solvent were revisited for better comparison to other
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bifunctional cymantrene derivatives containing an alkyne group. In contrast to the
synthetic route that was reported by Rybinskaya et al., a synthesis of CM-OCCH was
proposed using CMA and propargyl bromide under basic conditions (Scheme 18).
CM-OPyCCH, a cymantrene ether containing a tethered 2-pyridinyl and alkyne group,
was proposed as potential photochromic system.

Scheme 18. Proposed syntheses of CM-OCCH and CM-OPyCCH

S1-OCCH, a cymantrene complex containing a methyl sulfide and a
propargyloxy group, is shown in Scheme 19. The proposed synthesis is based on the
syntheses of CAC27 and S128, which have been previously reported. To date, no literature
precedence for the reduction and alkylation of S1 exists. S1-OCCH contains tethered
groups that must allow 1,6-coupled motion for isomerization. This may be problematic if
the rate of linkage isomerization is slowed due to the increased freedom of motion.
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Scheme 19. Proposed synthesis and irradiation of S1-OCCH

S1-CCH (Scheme 20) differs from S1-OCCH in that it is an acetyl cymantrene
derivative that contains a methyl sulfide and a propargyl group in a 1,4 relationship. With
more limited motion on the side chain, rate of isomerization is projected to be faster in
comparison to S1-OCCH. The proposed synthetic route also includes the intermediates
CAC and S1, but no literature precedence exists for the alkylation of S1 to produce the
target compound.
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Scheme 20. Proposed synthesis and irradiation of S1-CCH

Proposed syntheses of acetyl cymantrene derivatives with coupled alkyne and
2-pyridinyl groups are proposed based on the intermediate Py1, a product of an acylation
reaction between the CME and and litiated 2-picoline (Scheme 21).

Scheme 21. Proposed synthesis of Py1

A Py1 reaction between propargyl bromide was investigated for the production of
Py1-CCH and Py1-bisCCH, respectively (Scheme 22). Unlike Py1-CCH, Py1-bisCCH
does not contain a chiral carbon on the side chain, which may exclude the formation of
spectrally resolved stereoisomer chelates like those observed in the irradiation of
Kelbysheva et al.’s ally/2-pyridinyl photochrome (Scheme 12).
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Scheme 22. Proposed synthesis and irradiation of Py1-CCH and Py1-bisCCH
and their chelates

1.5.4

Pentalenyl derivatives with tethered groups
Another focus of my work was on the design and synthesis of tricarbonyl

(η5-pentalenyl) manganese (I) complexes, specifically those in Scheme 23. By attaching
the functional groups directly to a saturated five-membered ring, I hope to restrict side
chain groups’ rotational freedom and keep the groups in close proximity to the metal.
This restriction may minimize the formation of side products that contribute to system
fatigue.
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Scheme 23. Photoisomerization of proposed
pentalenyl target

Acquiring the aryl ketone HpO (see Scheme 24) is ideal, because it contains a
carbonyl that may lead to various synthetic avenues (i.e. functional group
interconversions and enolation). Synthetic approaches to the formation of the
(η5-pentalenyl)Mn(CO)3 derivative HpO have been previously reported, but new
synthetic routes are proposed.
A route in its entirety was reported in 1960 by Coffield et al. and Cais et al.29
(Scheme 24): FC is produced from the addition of lithiated cymantrene with N,
N-dimethylformamide. CUA was synthesized from a condensation reaction between
malonic acid and formyl cymantrene via the Knoevenagel-Roebner modification. CPA
was produced from catalyzed hydrogenation of CUA in ethanol at atmospheric pressure.
The cyclization of CPA involved intramolecular acylation in polyphosphoric acid (PPA)
solvent and produced the target alicyclic cymantrene compound, HpO.
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Scheme 24. Synthesis of HpO from cymantrene29

In a proposed route similar to that of Coffield et al., an ester is synthesized and
reduced instead of a carboxylic acid (Scheme 25). FC undergoes a Wittig reaction with
(carbethoxymethylene)triphenylphosphorane, which is synthesized from a nucleophilic
reaction between triphenylphosphine and ethyl bromoacetate to produce the α,
β-unsaturated ester CUE. 30 CUE is reduced to EPA31 by way of either
palladium-catalyzed hydrogenation at atmospheric pressure or copper hydride reduction.

Scheme 25. Alternative synthesis of HpO via Wittig reaction and other
modified procedures
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Another proposed route for the synthesis of HpO begins with a condensation
reaction between methyl cymantrene and diethyl oxalate to produce the enolic ester
CHPE (Scheme 26). After CHPE is tosylated to form CTPE and subsequently reduced
via copper hydride to produce ECP, the route to cyclization continues as mentioned
before.

Scheme 26. Synthesis of HpO from methyl cymantrene using a series of modified
procedures

The reduction of HpO was examined using a procedure that was applied to the
reduction of α-tetralone chromium tricarbonyl compounds with lithium aluminum
hydride (LAH), which produced an endo-alcohol in good yield (Scheme 27).32 The
alkylation of HpOH with benzyl bromide, 1-(2-pyridinyl)propargyl tosylate,
2-(bromomethyl) pyridine, and propargyl bromide under basic conditions were
investigated.
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Scheme 27. Proposed synthesis of HpOH and its reactions with benzyl bromide,
(2-pyridinyl) propargyl tosylate, 2-(bromomethyl)pyridine, and propargyl bromide

The formation and stability of HpOCCH and CM-OCCH photoproducts can be
compared using TRIR and steady-state IR data (Scheme 28), and we predict that the use
of a pentalenyl group will minimize the formation of time-resolved transients (i.e. solvent
coordination) observed in TRIR spectra.
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Scheme 28. Irradiation of HpOCCH versus
irradiation of CM-OCCH
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CHAPTER 2. EXPERIMENTAL METHODS

2.1

General information

2.1.1

Materials and instrumentation
Reactants and reagents were purchased from Sigma-Aldrich, Acros Organics,

Fisher and other common vendors and were used without further purification. Ethanol
(200 and 190 proof) was purchased from Pharmco-AAPER and used without further
purification. THF was purchased from Fisher, distilled from NaK alloy and
benzophenone, and stored under nitrogen prior to use. All procedures were carried out
under argon or nitrogen atmosphere using a glove box or standard cannula and Schlenk
techniques. The argon for the Schlenk techniques was purified with an Ace-Burlitch Inert
Atmosphere System (ACE Glass, Inc.). Proton and carbon NMR spectra were obtained
with either a JEOL 270 MHz or a Varian 500 MHz spectrometer. Chemical shifts were
referenced to residual solvent peaks as internal standards and coupling constant errors are
typically 0.2 Hz.33 FTIR spectra were obtained with a Thermo Nicolet 380 (2.0 cm-1
resolution) in anhydrous heptane using either a 0.5 or1.0 mm NaCl cell or a 1.0 mm CaF2
cell. VTIR spectra were acquired using a thermally regulated IR cell (CaF2, 1.0 mm), and
the temperature of the cell was regulated simultaneously using a cooling circulator
(Neslab RTE-3) and a thermal controller (Harrick ATC/Watlow Series 989). UV-Vis
spectra were obtained with an Agilent 8453 spectrophotometer in anhydrous heptane
using a 1.0 cm quartz screw-capped cuvette. GC-MS data were obtained on a Hewlett
Packard G1800A GCD System. Hydrogenation reactions were performed on a Parr
Hydrogenation Apparatus (Model: 3916EG) Microwave reactions were performed in a
Proctor Silex household microwave oven (Model: 87008, 850 W). Elemental analysis
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was performed by Columbia Analytical Services. Laboratory notebook reference
numbers have the following format: initials, year, month (in roman numerals), day,
experiment number (e.g. JOJ09VIII24-2 is Jermaine O’Bryan Johnson, August 24, 2009,
Experiment 2).
2.1.2

Irradiation conditions
All steady-state UV irradiations were conducted under either argon or nitrogen

with 300 nm lamps (Southern New England Ultraviolet Company, RPR-3000Å), a 254
nm Pen Ray lamp (Hg/Ar, UVP), or a 365 nm Pen Ray lamp (Hg/Ar, UVP). Visible light
irradiation was conducted with LED lamps emitting either 465-485 (XPEBLU-L1),
520-535 (XPEGRN-L1), or 620-635 nm (XPERED-L1; Cree XP-E Emitter, 15 W). In all
irradiation studies, the light source was position 5-10 cm from a sample.
2.1.3

TRIR conditions
The transient absorption apparatus at NIST has been previously described in

detail.34,35 An amplified and compressed broadband Rhodamine 6G laser pulse (289 nm
excitation, 20 µJ per pump) and a Q-switched Continuum Surelite I laser (Nd:YAG, 355
nm or 532 nm excitation, 280-300 µJ per pump) were the pump sources for picosecond
and nanosecond timescale experiments, respectively. All of the compounds for the
studies were weighed and diluted in anhydrous heptane inside of a glovebox. The
solutions were purged with argon gas while being cycled through a flow cell with CaF2
windows (1.0 mm pathlength). Spectra were obtained at various nanosecond and
picosecond time delays, where each spectrum was created from an average of 2000
camera acquisitions. The calibration for all spectra were set relative to previous FTIR and
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TRIR studies of tungsten hexacarbonyl, where 1982 cm-1 is the reference point from
which the rest of the scale is generated.
2.2

Synthesis of derivatives with tethered hydrazones
The syntheses for the starting materials A1 and A5 have been previously

reported.36 There is no preceding literature for the synthesis and characterization of
cymantrene derivatives with hydrazone. The syntheses of A9, A13, A7, A8, and DBPh
were derived from a procedure previously reported by Fernandez et al.,37 and A6 and A12
were synthesized from a modified procedure reported by Day et al.38
2.2.1

Synthesis of tricarbonyl[η5-(2-dimethylhydrazono-2-(2-pyridinyl)ethyl)
cyclopentadienyl]manganese(I), A9 (JOJ11XII02-1)
A1 (PPL11IX20-3, 0.21 g, 0.65 mmol) in purged ethanol (200 proof, 20 mL) and

acetic acid (0.2 mL, 3.5 mmol) stirred at 50 °C for one hour. N, N-dimethylhydrazine
(0.18 mL, 2.4 mmol) in 5 mL of ethanol was purged and cannulated into the flask. The
temperature was reduced to 45 °C, and the mixture stirred for three days under argon
continuous argon flow. The solvent was removed via TTVD, deionized water (10 mL)
was added, and the organic layer was extracted with 10 mL of diethyl ether, dried over
magnesium sulfate, and filtered. The solvent was removed to produce a yellow liquid
(0.18 g, 0.49 mmol, 76 % yield).
Elemental analysis found for C17H16MnN3O3, MW = 365.27: analysis (calculated) C
55.60 (55.90), H 4.72 (4.42), N 10.50 (11.50)
1

H NMR (270 MHz, CDCl3): δ (ppm) 2.59 (s, 6H, N(CH3)2) 4.02 (s, 2 H, CH2), 4.48 (m,
2 H, 3,4-Cp), 4.76 (m, 2 H, 2,5-Cp), 7.26 (m, 1 H, 5-Py), 7.66 (m, J = 1.7, 7.7 Hz,
1 H, 4-Py), 7.99 (d, J = 8.2, 1 H, 3-Py), 8.60 (m, 1 H, 6-Py)
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13

C NMR (125 MHz, CDCl3): δ (ppm) 25.6, 47.7, 81.0, 84.4, 101.1, 122.0, 124.1, 136.4,
148.3, 154.9, 164.9, 225.3

FTIR (NaCl, heptane):
2.2.2

CO

2023 (3 cm-1 fwhm), 1941 cm-1 (6 cm-1 fwhm)

Synthesis of dicarbonyl [η5-(2-dimethylhydrazono)-2-(2-pyridinyl-κN)ethyl)
cyclopentadienyl]manganese(I), cA9py (JOJ14VIII04-2)
A9 (0.20 g, 0.55 mmol) was diluted in 100 mL of tetrahydrofuran (THF) in a

graduated cylinder equipped with a stir bar, and the cylinder was secured with a septum.
The cylinder was placed in a photoreactor containing 14 UV lamps (350 nm, Southern
New England RPR-3000Å), and the solution was irradiated for one hour. A sample was
dissolved in heptane, and IR spectra were obtained to monitor the reaction. After solvent
removal, a dark red paste was isolated, which crystallized upon standing (0.18 g, 0.53
mmol, 96% yield).
1

H NMR (270 MHz, C6D6): δ (ppm) 2.36 (br s, 6H, N(CH3)2) 2.97 (br s, 2 H, CH2), 3.48
(br m, 2 H, 3,4-Cp), 4.60 (br m, 2 H, 2,5-Cp), 5.81 (br m, 1 H, 4-Py), 6.51 (br m,
5-Py), 8.90 (br m, 1 H, 6-Py)

FTIR (NaCl, heptane):
2.2.3

CO

1937, 1872 cm-1

Synthesis of tricarbonyl [η5-(2-dimethylhydrazono-2-(phenyl)ethyl)
cyclopentadienyl]manganese(I), A13 (JOJ12IV19-1, JOJ11X10-2)
A5 (JOJ12III20-1, 0.30 g, 0.93 mmol) was dissolved in purged ethanol (200

proof, 20 mL) and acetic acid (90 µL, 1.5 mmol) at 55°C. N, N-dimethylhydrazine (0.2
mL, 2.5 mmol) in 5 mL of ethanol was cannulated into the flask, and the mixture
continued to stir at room temperature. After two days, the reaction mixture was
concentrated via rotary evaporation, and the remaining yellow solid/yellow liquid was
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dissolved in ethanol/hexanes (1:1) and stored at -10 °C. Yellow crystals were isolated
after recrystallization (0.24 g, 0.66 mmol, 71% yield).
Elemental analysis found for C18H17MnN2O3, MW = 364.28: analysis (calculated) C
59.40 (59.35), H 4.48 (4.70), N 7.55 (7.69)
1

H NMR (270 MHz, CDCl3): δ (ppm) 2.54 (s, 6H, N(CH3)2), 3.90(s, 2 H, CH2), 4.51 (m,
2 H, 3,4-Cp), 4.59 (m, 2 H, 2,5-Cp), 7.37 (m, 3 H, 3,5-Ph and 4-Ph), 7.64 (m, 2 H,
2-Ph)

13

C NMR (67.5 MHz, CDCl3): δ (ppm) 27.4, 47.9, 81.6, 83.8, 101.1, 127.5, 128.7, 130.0,
137.2, 165.8, 225.2

FTIR (NaCl, heptane):
2.2.4

CO

2025 (5 cm-1 fwhm), 1943 cm-1 (10 cm-1 fwhm)

Synthesis of dicarbonyl [η5-(2-dimethylhydrazono-κN1)-2-(phenyl)ethyl)
cyclopentadienyl]manganese(I), cA13hy (JOJ11X25-1, JOJ11XI06-4)
A13 (0.15 g, 0.41 mmol) was dissolved in anhydrous THF (10 mL) in a 15-mL

test tube. The tube was positioned within a centimeter of a single, 300 nm lamp and
irradiated for 100 minutes. The solvent was removed via trap-to-trap vacuum distillation,
leaving a red solid (80 mg, 0.24 mmol, 58% yield).
1

H NMR (270 MHz, CDCl3): 2.86 (6 H, br s), 3.44-3.52 (4 H, br s), 4.74 (2 H, br s), 7.43
(3 H, br s), and 7.62 ppm (2 H, br s).

FTIR (NaCl, heptane):
2.2.5

CO

1933 (3 cm-1 fwhm), 1865 cm-1 (4 cm-1 fwhm)

Synthesis of 2-(1,2-diphenylethylidene)-1,1-dimethylhydrazine, DBMe2
(JOJ13III14-1)
Deoxybenzoin (1.0 g, 5.1 mmol), acetic acid (0.5 mL, 8 mmol), and

N,N-dimethylhydrazine (1.0 mL, 13.3 mmol) were stirred at 45 °C. After two days, the
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reaction mixture was cooled to room temperature and added to 10 mL deionized water
and 10 mL of saturated sodium bicarbonate. The mixture was extracted with 50 mL of
diethyl ether, and the organic layer was dried, filtered, and concentrated to an oil via
rotary evaporation (1.1 g, 4.6 mmol, 90% yield).
1

H NMR (500 MHz, CDCl3): δ (ppm) 2.62 (s, 6 H, CH3), 4.37 (s, 2 H, CH2), 7.16 (m, 3
H, 3,4,5-Ph), 7.24 (m, 2 H, 2,6-Ph), 7.32 (m, 3 H, 3’,4’,5’-Ph), 7.72 (m, 2 H,
2’,6’-Ph)

2.2.6

Synthesis of tricarbonyl [η5-(2-phenylhydrazono-2-(2-pyridinyl)ethyl)
cyclopentadienyl]manganese(I), A7 (JOJ10VII10-1, JOJ12III10-2)
A1 (1.3 g, 4.0 mmol) was added to a 100 mL Schlenk flask equipped with a stir

bar. The flask was taken out of the glovebox, and nitrogen-purged 95% ethanol (25 mL)
and acetic acid (100 µL, 1.75 mmol) were cannulated into the flask. The mixture was
warmed to 55 °C using a heated mineral oil bath while stirring until A1 completely
dissolved. Phenylhydrazine (0.5 mL, 5.09 mmol) was purged and cannulated into the
flask, and the flask was gradually cooled to room temperature. The flask continued to stir
overnight. Acetic acid (100 µL) was syringed into the flask, and after four hours of
stirring, a yellow precipitate was collected via vacuum filtration, and NMR data were
collected (1.2 g, 2.9 mmol, 72% yield).
Elemental analysis found for C21H16MnN3O3, MW = 413.31: analysis (calculated) C
61.26 (61.03), H 4.13 (3.90), N 10.17 (10.17)
1

H NMR (270 MHz, CDCl3): δ (ppm) 4.02 (s, 2 H, CH2), 4.56 (m, 2 H, 3,4-Cp), 4.81 (m,
2 H, 2,5-Cp), 6.93 (t, J = 6.7 Hz, 1 H, 4-Ph), 7.26 (m, 5 H, 2,3,5,6-Ph, 4-Py), 7.68
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(t, J = 7.9 Hz, 1 H, 4-Py), 7.84 (br s, 1 H, NH), 8.18 (d, J = 7.9 Hz, 1 H, 3-Py),
8.54 (d, J = 4.7 Hz, 1 H, 6-Py)
13

C NMR (125 MHz, CDCl3): δ (ppm) 22.0, 81.1, 84.7, 98.1, 113.6, 120.1, 121.2, 122.6,
129.4, 136.2, 141.7, 144.4, 148.5, 155.2, 225.0

FTIR (NaCl, heptane):

CO

2025 (5 cm-1 fwhm), 1952, 1943 and 1929 cm-1 (apparent 14

cm-1 fwhm for overlapping peaks)
2.2.7

Synthesis of tricarbonyl [η5-(2-phenylhydrazono-2-(phenyl)ethyl)
cyclopentadienyl]manganese(I), A8 (JOJ11XII15-1, JOJ12III27-2,
JOJ12XII18)
A5 (0.20 g, 0.62 mmol) in ethanol (200 proof, 15 mL) and acetic acid (80 µL, 1.3

mmol) stirred at 55 °C in a 25-mL round bottom flask under argon. After complete
dissolution, the mixture was cooled to room temperature, and phenylhydrazine (180 µL,
1.8 mmol) in 5 mL of ethanol was purged and cannulated into the flask. After two days,
the mixture was dried over magnesium sulfate and filtered. The solvent was removed via
rotary evaporation, leaving a crystalline solid that was dissolved in hexanes and stored
at -10 °C. After recrystallization, a white to pink solid was isolated (0.19 mg, 0.46 mmol,
74% yield).
Elemental analysis found for C22H17MnN2O3, MW = 412.32: analysis (calculated) C
63.95 (64.09), H 4.17 (4.16), N 7.12 (6.79)
1

H NMR (270 MHz, CDCl3): δ (ppm) 3.76 (s, 2 H, CH2), 4.62 (m, 2 H, 3,4-Cp), 4.78 (m,
2 H, 2,5-Cp), 6.91 (t, J = 7.2 Hz, 1 H, 4-PhNH), 7.17-7.44 (m, 7 H, 3,4,5-Ph and
2,3,5,6-PhNH), 7.65 (br s, 1 H, NH), 7.79 (d, J = 7.9 Hz, 2 H, 3-Ph)

30

13

C NMR (67.5 MHz, CDCl3): δ (ppm) 24.1, 81.5, 84.3, 97.4, 113.4, 120.6, 125.6, 128.3,
128.6, 129.3, 137.7, 140.3, 144.7, 224.7

FTIR (NaCl, heptane):

CO

2027 (5.4 cm-1 fwhm), 1953, 1942 and 1932 cm-1 (apparent

32.5 cm-1 fwhm for overlapping peaks)
2.2.8 Synthesis of 1-(1,2-diphenylethylidene)-2-phenylhydrazine, DBPh
(JOJ12III01)
Deoxybenzoin (1.6 g, 8.2 mmol) in ethanol (190 proof, 30 mL) and acetic acid
(0.9 mL, 16 mmol) were warmed to 40 °C while stirring in a 50-mL round bottom flask.
Phenylhydrazine (2.0 mL, 20 mmol) was added to the flask, and after 13 hours, a white
precipitate formed, and the flask was cooled to room temperature and stored at -10 °C.
After four hours, the white precipitate was collected via vacuum filtration and washed
with hexanes (2.3 g, 8.0 mmol, 98% yield).
1

H NMR (270 MHz, CDCl3): δ (ppm) 4.14 (s, 2 H, CH2), 6.84 (m, 1 H, 4-PhNH),

7.07 (m, 2 H, 3,5-PhNH), 7.21-7.43 (m, 10 H, 2,3,4,5,6-Ph, 3,4,5-PhC=N, 2,6-PhNH),
7.50 (br s, 1 H, NH), 7.84 (m, 2 H, 2,6-PhC=N)
2.2.9

Synthesis of tricarbonyl [η5-(2-hydrazono-2-(2-pyridinyl)ethyl)
cyclopentadienyl] manganese(I), A6 (JOJ12IV21-2, JOJ10VII21)
A1 (0.30 g, 0.93 mmol) in ethanol (200 proof, 20 mL) and acetic acid (0.1 mL,

1.8 mmol) was warmed to 50 °C until the solid completely dissolved. Hydrazine (80 µL,
2.4 mmol) in 5 mL of ethanol was cannulated into the flask, and the mixture refluxed
while continuously purged with argon gas. After refluxing for six days, the reaction
mixture was cooled to room temperature, washed with ammonium bicarbonate (25 mL),
extracted with 30 mL of anhydrous diethyl ether, and dried over magnesium sulfate. The
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solvent was removed via rotary evaporation to produce yellow crystals (0.21 g, 0.62
mmol, 67% yield).
Elemental analysis found for C15H12MnN3O3, MW = 337.21: analysis (calculated) C
53.23 (53.43), H 3.34 (3.59), N 12.08 (12.46)
1

H NMR (270 MHz, CDCl3): δ (ppm) 3.88 (s, 2 H, CH2), 4.55 (m, 2 H, 3,4-Cp), 4.83 (m,
2 H, 2,5-Cp), 5.74 (br s, 2 H, NH2), 7.19 (m, 1 H, 5-Py), 7.65 (m, 1 H, 4-Py), 7.94
(d, J = 8.2, 1 H, 3-Py), 8.55 (d, J = 4.7 Hz, 1 H, 6-Py)

13

C NMR (67.5 MHz, CDCl3): δ (ppm) 21.8, 81.2, 84.7, 98.9, 120.1, 122.9, 136.3, 147.5,
148.5, 155.2, 225.1

FTIR (NaCl, heptane):

CO

2024 (6 cm-1 fwhm), 1944 cm-1 (12 cm-1 fwhm)

2.2.10 Synthesis of tricarbonyl [η5-(2-hydrazono-2-(phenyl)ethyl)cyclopentadienyl]
manganese (I), A12 (JOJ12II10-4, JOJ12III15-1, JOJ12VI25-1)
A5 (0.43 g, 1.3 mmol) was weighed into a 50 mL Schlenk flask. Hydrazine (0.15
mL, 4.4 mmol) and acetic acid (0.2 mL, 3.5 mmol) in ethanol (190 proof, 15 mL) were
purged and cannulated into the flask of A5, and the mixture stirred at 65 °C. After A5
completely dissolved, the mixture stirred overnight at room temperature. After stirring
overnight, a bright yellow precipitate (88 mg) was collected via vacuum filtration and
washed with hexanes, and spectral data were obtained. The supernate was transferred to a
separatory funnel along with 40 mL of saturated ammonium bicarbonate and 40 mL of
diethyl ether. The organic layer was separated, dried over magnesium sulfate, and
filtered. After the solvent was removed, a yellow solid was collected and recrystallized in
hexanes and dichloromethane, which produced yellow crystals following vacuum
filtration (0.12 g).
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The bright yellow precipitate (88 mg) was dissolved in ethanol (200 proof, 30
mL) and heated to 80 °C until dissolved. Hydrazine (0.15 mL, 4.4 mmol) was added to
the flask followed by acetic acid (0.2 mL, 3.5 mmol), and the mixture was refluxed. After
18 hours, the mixture was cooled to room temperature, washed with 20 mL of ammonium
bicarbonate, and extracted with 35 mL of diethyl ether. The organic layer was dried over
magnesium sulfate and filtered, and the solvent was removed to produce yellow crystals
(65 mg, 0.18 g total, 0.54 mmol, 40% yield).
Elemental analysis found for C16H13MnN2O3, MW = 336.03: analysis (calculated) C
57.56 (57.16), H 4.20 (3.90), N 7.50 (8.33)
1

H NMR (270 MHz, CDCl3): δ (ppm) 3.66 (s, 2 H, CH2), 4.60 (m, 2 H, 3,4-Cp), 4.76 (m,
2 H, 2,5-Cp), 5.56 (br s, 2 H, NH2), 7.35 (m, 3 H, 3,5-Ph and 4-Ph), 7.64 (m, 2 H,
2,6-Ph)

13

C NMR (67.5 MHz, CDCl3): δ (ppm) 24.0, 81.5, 84.2, 98.3, 125.8, 128.55, 128.58,
137.4, 146.9, 224.8

FTIR (NaCl, heptane):

CO

2026 (5 cm-1 fwhm), 1949 and 1940 cm-1 (apparent 19 cm-1

fwhm for overlapping peaks)
2.3

Synthesis of derivatives with tethered alkynes

2.3.1

Synthesis of 1-(2-pyridinyl)propargyl alcohol (JOJ13XII09-4)
The procedure for the synthesis of 1-(2-pyridinyl)propargyl alcohol has been

previously published.39 Ethynylmagnesium bromide in THF (0.5 M, 10.0 mL) was added
dropwise to a solution of 2-pyridinecarboxaldehyde (0.38 mL, 4.0 mmol) cooled to -78
°C in THF. After an hour at -78 °C, the mixture was allowed to warm to room
temperature and stirred for another hour. Saturated ammonium chloride was added, and
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the mixture was extracted with two 25-mL aliquots of diethyl ether, washed with
saturated sodium chloride, and dried over magnesium sulfate. The mixture was filtered
and concentrated to an oil (0.43 g, 3.2 mmol, 81% yield).
1

H NMR (270 MHz, CDCl3): δ (ppm) 2.56 (d, J = 2.2 Hz, 1H, CCH) 4.67 (br s, 1 H,
OH), 5.48 (d, J = 2.0 Hz, 1 H, CH), 7.27 (m, 2 H, 5-Py), 7.51 (d, J = 7.7 Hz, 1 H,
3-Py), 7.75 (td, J = 7.7, 1.7 Hz, 1 H, 4-Py), 8.56 (d, J = 4.5, 1 H, 6-Py)

2.3.2

Synthesis of tricarbonyl [η5-(formyl)cyclopentadienyl]manganese(I), FC
(JOJ12I18-3)
The synthesis of FC has been previously published.40 Cymantrene (1.0 g, 4.9

mmol) in THF (20 mL) was cooled to -78 °C with a dry ice/acetone bath. n-Butyllithium
(2 M, 2.5 mL, 5 mmol) in 10 mL THF was cannulated into the flask containing the
cymantrene solution followed by DMF (1.0 mL, 15.6 mmol). The mixture was warmed to
room temperature and allowed to stir overnight. Saturated ammonium chloride (20 mL)
was purged and cannulated into the flask followed by the addition of diethyl ether (10
mL). The organic layer was washed with deionized water, dried over magnesium sulfate,
and filtered. After the solvent was removed, a brown liquid was loaded on a silica gel
column (2.5 x 35 cm) and eluted with petroleum ether/dichloromethane (70:30). Two
yellow fractions were isolated. Solvent from the second fraction was removed to produce
dark yellow crystals (0.89 g, 3.8 mmol, 78% yield).
1

H NMR (270 MHz, CDCl3): δ (ppm) 4.92 (m, 2 H, 3,4-Cp), 5.44 (m, 2 H, 2,5-Cp), 9.60
(s, 1 H, CHO)
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2.3.3

Synthesis of tricarbonyl [η5-(hydroxymethyl)cyclopentadienyl]manganese(I),
CMA (JOJ14V29-1)
The synthesis of CMA has been previously published.41 FC (0.52 g, 2.0 mmol)

and sodium borohydride (84 mg, 2.2 mmol) were stirred in methanol (15 mL) at 0 °C.
After two hours, the mixture was added to saturated ammonium chloride (25 mL) and
extracted with two 25-mL aliquots of diethyl ether. The organic layers combined, dried
over magnesium sulfate, filtered, and concentrated to an oil. The oil was eluted from a 1
x 30 cm column of silica gel with 50% diethyl ether in hexanes (150 mL). The second
fraction was concentrated to an oil (0.34 g, 1.5 mmol, 73% yield).
1

H NMR (270 MHz, CDCl3): δ (ppm) 1.66 (br s, 1 H, OH), 4.32 (s, 2 H, CH2), 4.69 (m, 2
H, 3,4-Cp), 4.82 (m, 2 H, 2,5-Cp)

2.3.4

Synthesis of tricarbonyl [η5-(chloromethyl)cyclopentadienyl]manganese(I),
CMC (JOJ14VII03-2)
The synthesis of CMC has been previously reported.41 CMA (0.21 g, 0.90

mmol) was diluted in 10 mL of dichloromethane in a 50 mL round-bottom flask and
cooled to 0 °C. Hydrogen chloride, generated by adding concentrated hydrochloric acid
(5 mL) to anhydrous calcium chloride (5 g), was bubbled into the flask via cannula. A
cannula for gas outlet was placed in a 100 mL of 1.2 M sodium hydroxide. After three
hours, the mixture was dried over magnesium sulfate and filtered, and the solvent was
removed via TTVD. After an NMR spectrum was obtained, the material (in 15 mL of
diethyl ether) was filtered through a fritted-glass funnel containing 15 mL of silica gel
and reduced to an oil thereafter (0.20 g, 0.79 mmol, 89% yield).
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1

H NMR (270 MHz, CDCl3): δ (ppm) 4.22 (s, 2 H, CH2), 4.70 (m, 2 H, 3,4-Cp), 4.89 (m,
2 H, 2,5-Cp)

2.3.5

Synthesis of tricarbonyl [η5-[(2-propynyloxy)methyl]cyclopentadienyl]
manganese(I), CM-OCCH (JOJ14IX19-3)
The synthesis of CM-OCCH has been previously published,42 though an

alternative procedure was used. CMA (0.28 g, 1.2 mmol) was dissolved in 25 mL of
THF, and sodium hydride (97%, 50 mg, 2.1 mmol) was added to the solution. After 30
mintues of stirring, progargyl bromide (0.15 mL, 2.0 mmol) was added, and the mixture
was allowed to stir overnight. Saturated ammonium bicarbonate (25 mL) was added to
the mixture followed by two 25-mL aliquots of diethyl ether, and the organic layers were
combined, dried over magnesium sulfate, and filtered. The solvent was removed via
TTVD to produce a yellow oil (0.16 g, 0.59 mmol, 49% crude yield).
1

H NMR (270 MHz, CDCl3): 2.47 (s, 1 H, CH), 4.19 (m, 4 H, CH2OCH2), 4.68 (m, 2 H,
3,4-Cp), 4.82 (m, 2 H, 2,5-Cp)

FTIR (NaCl, heptane):

CO

2027 (5 cm-1 fwhm), 1947 cm-1 (apparent 11 cm-1 fwhm for

overlapping peaks)
2.3.6

Synthesis of tricarbonyl [η5-[(2-(2-propynyloxy)pyridinyl)methyl]
cyclopentadienyl]manganese(I), CM-OPyCCH (JOJ14VI02-2)
1-(2-pyridinyl)propargyl alcohol (0.13 g, 0.97 mmol) was diluted in THF (10 mL)

and sodium hydride (95%, 24 mg, 1.0 mmol) was added to the solution at ambient
temperature. CMC (0.17 g, 0.67 mmol) in THF (10 mL) was cannulated into the flask
containing the alcohol, and the mixture was stirred overnight. Saturated ammonium
chloride was added to the mixture, and the mixture was extracted with two 25-mL
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aliquots of diethyl ether. The organic layers were combined, dried, and filtered through a
fritted glass funnel containing 15 mL of silica gel. The solvent was removed for an oil
containing only CMC. No product was isolated.
2.3.7

Synthesis of tricarbonyl [η5-(chloroacetyl)cyclopentadienyl]manganese(I),
CAC (JOJ14VI07-1)
CAC have been reported by Rybinskaya et al. but details on the synthesis were

not.42 The synthesis used was adapted from a procedure reported by Foreman et al.43
Cymantrene (0.25 g, 1.2 mmol) and aluminum chloride (0.34 g, 2.6 mmol) were stirred
in a solution of carbon disulfide (15 mL) at room temperature. Chloroacetyl chloride (0.1
mL, 1.3 mmol) was added to the mixture, and the mixture was stirred for two hours. The
mixture was added to deionized water (150 mL) and diethyl ether (50 mL), and the
organic layer was dried over magnesium sulfate and filtered. The solvent was removed to
produce a solid (0.30 g, 1.1 mmol, 92% yield).
1

H NMR (270 MHz, CDCl3): δ (ppm) 4.25 (s, 2 H, CH2), 4.91 (m, 2 H, 3,4-Cp), 5.51 (m,
2 H, 2,5-Cp)

2.3.8

Synthesis of tricarbonyl [η5-(2-(methylthio)acetyl)cyclopentadienyl]
manganese(I), S1 (JOJ14VI07-3)
The synthesis of S1 has been previously reported,44 but a different synthetic route

was used. CAC (0.30 g, 1.1 mmol) and sodium thiomethoxide (85 mg, 1.2 mmol) were
stirred in a mixture of 15 mL of THF and 1 mL of deionized water. After eight hours, 50
mL of deionized water and 1.2 M HCl (5 mL) were added to the mixture, and the mixture
was extracted with two 25-mL of diethyl ether. The organic layers were combined,
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washed with saturated sodium chloride, dried over magnesium sulfate, filtered, and
concentrated to a yellow oil (0.26 g, 0.89 mmol, 84% yield).
1

H NMR (270 MHz, CDCl3): δ (ppm) 2.13 (s, 3 H, SCH3), 3.34 (s, 2 H, CH2), 4.86 (m, 2
H, 3,4-Cp), 5.47 (m, 2 H, 2,5-Cp)

2.3.9

Synthesis of tricarbonyl [η5-[(1-hydroxy-2-methylthio)ethyl]
cyclopentadienyl]manganese(I), S1-OH (JOJ14V13-4)
S1 (0.22 g, 0.75 mmol) was diluted in 15 mL of methanol, and sodium

borohydride (38 mg, 1.0 mmol) was added to the solution. After 20 minutes of stirring,
effervescence ceased, and 1.2 M HCl (25 mL) was added to the mixture followed by of
diethyl ether (25 mL). The organic layer was washed with saturated sodium chloride (50
mL), dried over magnesium sulfate, filtered, and concentrated to an oil (0.11 g, 0.37
mmol, 49% yield).
1

H NMR (270 MHz, CDCl3): δ (ppm) 2.13 (s, 3 H, SCH3), 2.63 (m, 1 H, CH2), 2.79 (m, 1
H, CH2), 4.40 (m, 1 H, CH), 4.66 (m, 2 H, 3,4-Cp), 4.80 (m, 1 H, 2,5-Cp), 4.91
(m, 1 H, 2,5-Cp)

2.3.10 Synthesis of tricarbonyl [η5-[(1-(2-propynyloxy)-2-methylthio)ethyl]
cyclopentadienyl]manganese(I), S1-OCCH (JOJ14V14-1)
S1-OH (0.11 g, 0.37 mmol) and sodium hydride (95%, 10 mg, 0.42 mmol) were
stirred at room temperature for one hour in N, N-dimethylformamide (DMF, 15 mL).
Propargyl bromide (60 µL, 0.8 mmol) in 10 mL of DMF was added to the mixture via
cannula, and the mixture was stirred overnight. Deionized water (100 mL) and 1.2 M HCl
(10 mL) was added to the flask, and the mixture was extracted with two 25-mL aliquots
of diethyl ether. The organic layers were combined, washed with saturated sodium
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chloride (25 mL), dried over magnesium sulfate, filtered, and concentrated to an oil (84
mg, 0.25 mmol, 68% yield).
1

H NMR (270 MHz, CDCl3): δ (ppm) 2.15 (s, 3 H, SCH3), 2.48 (t, J = 2.2 Hz, 1 H,
CCH), 2.75 (dd, J = 5.4, 13.4 Hz, 1 H, CH2S), 2.88 (dd, J = 5.4, 13.4 Hz, 1 H,
CH2S), 4.24-4.43 (m, 3 H, CH2CCH and CH), 4.65 (m, 2 H, 3,4-Cp), 4.91 (m, 1
H, 2,5-Cp), 4.95 (m, 1 H, 2,5-Cp)

FTIR (NaCl, heptane):

CO

2026 (5 cm-1 fwhm), 1947 and 1941 cm-1 (apparent 15 cm-1

fwhm for overlapping peaks)
2.3.11 Synthesis of tricarbonyl [η5-[2-(2-propynyl)-2-(methylthio)acetyl]
cyclopentadienyl]manganese(I), S1-CCH (JOJ14VI09-1)
S1 (0.26 g, 0.89 mmol) was diluted in 20 mL of THF, and sodium hydride (95%,
23 mg, 0.95 mmol) was added to the solution. After an hour of stirring, propargyl
bromide (75 µL, 0.99 mmol) in 5 mL of THF was added to the mixture via cannulation,
and the mixture was stirred overnight. Ammonium chloride (50 mL) was added to the
flask, and the mixture was extracted with diethyl ether (50 mL). The organic layer was
dried over magnesium sulfate, filtered, and concentrated to an oil (a mixture of product
and starting material).
The oil was diluted in a 50/50 mixture of t-butanol and diethyl ether (25 mL)
followed by lithium t-butoxide (36 mg, 0.45 mmol). After the mixture stirred for 30
minutes, propargyl bromide (75 µL, 0.99 mmol) was added to the mixture. After six
hours of stirring, 1.2 M HCl (20 mL) and diethyl ether were added to the mixture, and the
organic layer was dried over sodium sulfate and filtered. The solvent was removed to
produce a brown oil, which was eluted from a 1 x 30 cm column of silica gel with
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hexanes (150 mL) and 40% ethyl acetate in hexanes (100 mL). One band was isolated,
and the solvent was removed to produce a brown oil (0.14 g, 0.42 mmol, 48% yield).
1

H NMR (270 MHz, CDCl3): δ (ppm) 1.96 (s, 3 H, SCH3), 2.08 (m, 1 H, CCH), 2.58 (dd,
J = 6.7, 16.6 Hz, 1 H, CH2CCH), 2.88 (dd, J = 8.4, 16.6 Hz, 1 H, CH2CCH), 3.68
(t, J = 7.7 Hz, 1 H, CH), 4.81 (m, 1 H, 3,4-Cp), 4.90 (m, 1 H, 3,4-Cp), 5.41 (m, 1
H, 2,5-Cp), 5.58 (m, 1 H, 2,5-Cp)

FTIR (NaCl, heptane):

CO

2035 (3 cm-1 fwhm), 1963 and 1953 cm-1 (apparent 14 cm-1

fwhm for overlapping peaks)
2.3.12 Synthesis of dicarbonyl [η5-[2-(2-propynyl)-2-(methylthio-κS)acetyl]
cyclopentadienyl]manganese(I), cS1-CCH_S (JOJ14VII14-3)
S1-CCH (52 mg, 0.16 mmol) was diluted into 80 mL of THF in the graduated
cylinder and irradiated with six 300 nm lamps for 35 mintues while being continuous
purged with argon. The solvent was removed via trap-to-trap vacuum distillation
(TTVD), and a sample of the material cS1-CCH_S (3 mg, 9.9 x 10-3 mmol) was
dissolved in heptane (10 mL) for FTIR analysis.
FTIR (NaCl, heptane):

CO

1958 (5 cm-1 fwhm), 1900 cm-1 (5 cm-1 fwhm)

2.3.13 Synthesis of tricarbonyl [η5-(2-(2-pyridinyl)acetyl)cyclopentadienyl]
manganese(I), Py1 (JOJ14VI26-3, JOJ14VII03)
n-Butyllithium (0.40 mL, 0.84 mmol, 2.1 M) was added to a solution of 2-picoline
(80 µL, 0.81 mmol) in 15 mL of THF at -78 °C, and the mixture was stirred for 30
minutes. CME45 (0.21 g, 0.80 mmol) in 10 mL of THF was cannulated into the flask, and
the mixture was stirred at -78 °C. After stirring overnight, the mixture was added to 1.2
M HCl (50 mL) and extracted with three 25-mL aliquots of diethyl ether. The organic
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layers were combined, dried over magnesium sulfate, and filtered. The solvent was
removed to produce an oil. The oil was eluted through a 3 x 30 cm column of silica gel
with 25% ethyl acetate in hexanes. Two yellow fractions were isolated, and the solvents
were removed to produce a yellow solid (Py1, 68 mg, 0.21 mmol, 26% crude yield) and
an orange oil (Py2, 42 mg, 0.10 mmol, 13% crude yield), respectively.
Py1 ketone:
1

H NMR (270 MHz, CDCl3): δ (ppm) 4.09 (s, 2 H, CH2), 4.83 (m, 2 H, 3,4-Cp), 5.54 (m,
2 H, 2,5-Cp), 6.94 (m, 2 H, 3,5-Py), 7.66 (t, J = 7.7 Hz, 1 H, 4-Py), 8.55 (m, 1 H,
6-Py)

Py1 enol:
1

H NMR (270 MHz, CDCl3): δ (ppm) 4.74 (m, 2 H, 3,4-Cp), 5.30 (m, 2 H, 2,5-Cp), 5.65
(br s, 1 H, CH), 7.19 (m, 1 H, 4-Py), 7.31 (d, J = 7.7 Hz, 1 H, 6-Py), 7.57 (t, J =
7.7 Hz, 1 H, 5-Py), 8.16 (m, 1 H, 3-Py)

Py2:
1

H NMR (270 MHz, CDCl3): δ (ppm) 1.63 (br s, 1 H, OH), 3.11 (s, 4 H, CH2), 4.42 (m, 2
H, 3,4-Cp), 4.62 (m, 2 H, 2,5-Cp), 7.17 (m, 4 H, 3,5-Py), 7.57 (m, 2 H, 4-Py),
8.45 (m, 2 H, 6-Py)

2.3.14 Synthesis of tricarbonyl [η5-[2-(2-pyridinyl)-4-pentynoyl]cyclopentadienyl]
manganese(I), Py1-CCH (JOJ14VII03-6)
Py1 (68 mg, 0.21 mmol) was stirred into a solution of lithium t-butoxide (24 mg,
0.3 mmol) in 20 mL of 50% t-butanol in diethyl ether. After stirring for 30 minutes,
propargyl bromide (30 µL, 0.40 mmol) was added, and the mixture was stirred overnight.
The mixture was added to 100 mL of deionized water and 5 mL of 1.2 M HCl. After the
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addition of diethyl ether (50 mL), the organic layer was dried over magnesium sulfate,
filtered, and reduced to an oil (51 mg, 0.14 mmol, 67% crude yield).
1

H NMR (270 MHz, CDCl3): δ (ppm) 1.96 (t, J = 2.2 Hz, 1 H, CCH), 2.74 (ddd, J = 2.5,
7.4, 16.6, 1 H, CH2), 3.01 (ddd, J = 2.5, 7.2, 16.6, 1 H, CH2), 4.43 (t, J = 7.5 Hz, 1
H, CH), 4.78 (m, 2 H, 3,4-Cp), 5.44 (m, 1 H, 2,5-Cp), 5.57 (m, 1 H, 2,5-Cp),
7.22 (m, 1 H, 5-Py), 7.30 (d, J = 7.7 Hz, 1 H, 3-Py), 7.69 (t, J = 7.7 Hz, 1 H, 4Py), 8.58 (d, J = 4.2 Hz, 1 H, 6-Py)

FTIR (NaCl, heptane):

CO

2034 (5 cm-1 fwhm), 1959 and 1954 cm-1 (apparent 15 cm-1

fwhm for overlapping peaks)
2.3.15 Synthesis of tricarbonyl [η5-[2-(2-propynyl)-2-(2-pyridinyl)-4-pentynoyl]
cyclopentadienyl]manganese(I), Py1-bisCCH (JOJ14VII17-3)
Py1 (0.34 g, 1.1 mmol) was added to a THF (30 mL) solution of sodium hydride
(95%, 72 mg, 3.0 mmol), and the mixture was stirred for ten minutes. Progargyl bromide
(0.25 µL, 3.3 mmol) was added to the mixture, and the mixture was allowed to stir
overnight. Hydrochloric acid (1.2 M, 100 mL) was added to the mixture followed by 25
mL of diethyl ether. The aqueous layer was neutralized with saturated sodium
bicarbonate, and diethyl ether was added. The organic layers were combined, dried over
magnesium sulfate, and filtered. The solvent was removed to produce an oil. The oil was
eluted through a 1 x 20 cm column of silica gel with a 50/50 mixture of ethyl acetate in
hexanes. One band was isolated, and the solvent was removed to produce an oil, which
solidified upon standing (0.17 g, 0.43 mmol, 39% crude yield).
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1

H NMR (270 MHz, CDCl3): δ (ppm) 1.94 (t, J = 2.5 Hz, 1 H, CCH), 3.26 (dd, J = 1.7,
2.7 Hz, 4 H, CH2), 4.62 (m, 2 H, 3,4-Cp), 4.99 (m, 2 H, 2,5-Cp), 7.28 (m, 2 H,
3,5-Py), 7.74 (m, 1 H, 4-Py), 8.63 (m, 1 H, 6-Py)

FTIR (NaCl, heptane):

CO

2033 (5 cm-1 fwhm), 1959 and 1952 cm-1 (apparent 15 cm-1

fwhm for overlapping peaks)
2.4

Synthesis of pentalenyl manganese derivatives

2.4.1

Synthesis of (Carbethoxymethylene)triphenylphosphorane (JOJ12XII11-5)
The synthesis of (carbethoxymethylene)triphenylphosphorane was derived from a

literature procedure.46 Ethyl bromoacetate (2.6 mL, 24 mmol) in 10 mL of toluene was
added dropwise to a solution of triphenylphosphine (6.4 g, 24 mmol) in 10 mL of toluene.
Though a white precipitate (phosphonium bromide) immediately formed, the mixture was
stirred overnight. Deionized water (40 mL) was added to the flask along with 5 mL of 6
M sodium hydroxide, and a new precipitate (phosphonium ylide) was collected via
vacuum filtration. The organic layer was recovered from the filtrate, dried over
magnesium sulfate and re-filtered. Hexanes (10 mL) were added to the organic layer, and
the mixture was stored at -10 °C to induce further precipitation. After two hours, the
solution was filtered, and the ylide precipitates were combined (7.2 g, 21 mmol, 87%
yield).
1

H NMR (270 MHz, CDCl3): δ (ppm) 1.05 (br s, 3 H, CH3), 2.84 (br s, 1 H, CH), 3.93 (br
s, 2 H, CH2), 7.10-7.76 (m, 15 H, PPh3)
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2.4.2

Synthesis of 1-(2-pyridinyl)propargyl tosylate (JOJ13XII10-2)
An adapted literature method was used to synthesize 1-(2-pyridinyl)propargyl

tosylate.47 1-(2-pyridinyl)propargyl alcohol (0.22 g, 1.7 mmol) in dichloromethane was
cannulated into a flask containing a solution of TsCl (0.38 g, 2.0 mmol) and triethylamine
(0.25 mL, 1.8 mmol) in dichloromethane at room temperature. After two hours, the
mixture was reduced to an oil after solvent removal. Chromatography was performed on
the reaction mixture with 25% ethyl acetate in hexanes (150 mL), and the solvent was
removed via TTVD to produce an oil (79 mg, 0.28 mmol, 17% crude yield).
1

H NMR (270 MHz, CDCl3): δ (ppm) 2.43 (s, 3 H, CH3), 2.62 (d, J = 2.5 Hz, 1 H, CCH),
6.17 (d, J = 2.2 Hz, 1 H, CH), 7.25 (m, 1 H, 5-Py), 7.30 (d, J = 8.2 Hz, 2 H, 3,5Ph), 7.55 (d, J = 7.9 Hz, 1 H, 3-Py), 7.72 (td, J = 1.7, 7.7 Hz, 1 H, 4-Py), 7.82
(d, J = 8.2 Hz, 2 H, 2,6-Ph), 8.55 (m, 1 H, 6-Py)

2.4.3

Synthesis of tricarbonyl [η5-(3-ethoxy-3-oxo-1-propenyl)cyclopentadienyl]
manganese(I), CUE (JOJ14II14-2)
The synthesis of CUE has been previously reported,48 but an alternative, modified

literature procedure was used.46 FC (1.1 g, 4.7 mmol) and (carbethoxymethylene)
triphenylphosphorane (1.6 g, 4.7 mmol) was stirred in 20 mL of dichloromethane
overnight. The solvent was removed via rotary evaporation, and the crude paste was
dissolved in cold 1:1 diethyl ether/hexanes until a white precipitate was observed. The
material was eluted through a fritted-glass Schlenk filter funnel containing 25 mL of
silica gel with cold diethyl ether (60 mL). The solvent was removed via rotary
evaporation to produce yellow crystals (1.2 g, 4.0 mmol, 85% yield).
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1

H NMR (270 MHz, CDCl3): δ (ppm) 1.30 (t, J = 7.2 Hz, 3 H, CH3), 4.21 (q, J = 7.2 Hz,
2 H, CH2), 4.79 (m, 2 H, 3,4-Cp), 5.08 (m, 2 H, 2,5-Cp), 6.09 (d, J = 15.6 Hz, 1
H, CpCH), 7.22 (d, J = 15.8 Hz, 1 H, CHCO2Et)

2.4.4

Synthesis of tricarbonyl [η5-(3-ethoxy-2-hydroxy-3-oxo-1-propenyl)
cyclopentadienyl]manganese(I), CHPE (JOJ12VIII16-1, JOJ10XI01)
CHPE was synthesized from a modified literature method.49 MMT (1.0 mL, 6.3

mmol) and diethyl oxalate (1.5 mL, 11 mmol) were stirred in 5 mL of DMF at -60 °C
using an isopropanol/dry ice bath. Potassium t-butoxide (0.65 g, 5.8 mmol) in 15 mL of
DMF was cannulated into the flask containing MMT/diethyl oxalate, and the mixture
was allowed to stir at -60 °C while gradually warming to room temperature. After 24
hours, 6 M HCl (20 mL) was added to the flask via cannula, and the mixture was
extracted with 20 mL of diethyl ether and back extracted with two 50-mL aliquots of
deionized water. The organic layer was dried over magnesium sulfate, filtered, and
concentrated via rotary evaporation. Solids that were suspended in a liquid were
dissolved in hexanes, and the solution was purged and stored at -10 °C. Orange crystals
were collected via vacuum filtration (1.1 g, 3.5 mmol, 55% yield).
1

H NMR (270 MHz, CDCl3): δ (ppm) 1.36 (t, J = 7.2 Hz, 3 H, CH3), 4.31 (q, J = 7.2 Hz,
2 H, CH2), 4.73 (m, 2 H, 3,4-Cp), 5.28 (m, 2 H, 2,5-Cp), 6.07 (d, J = 1.7 Hz, 1 H,
CH), 6.29 (d, J = 1.7 Hz, 1 H, OH)

13

C NMR (67.5 MHz, CDCl3): δ (ppm) 14.3, 62.8, 82.3, 85.4, 94.1, 103.8, 140.4, 165.1,
224.9
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2.4.5

Synthesis of tricarbonyl
[η5-(3-ethoxy-3-oxo-2-(4-methylbenzenesulfonyl)-1-propenyl)
cyclopentadienyl]manganese(I), CTPE (JOJ14II06-2, JOJ14II07-2)
CHPE (0.26 g, 0.82 mmol), triethylamine (0.15 mL, 1.1 mmol), and TsCl (0.19 g,

1.0 mmol) were stirred in 15 mL of dichloromethane overnight. The mixture was added
to 30 mL of deionized water and extracted with 15 mL of dichloromethane. The organic
layer was dried over magnesium sulfate and filtered and reduced to an oil, which
crystallized upon standing (0.35 g, 0.73 mmol, 89% crude yield).
1

H NMR (270 MHz, CDCl3): δ (ppm) 1.20 (t, J = 7.2 Hz, 3 H, OCH2CH3), 2.44

(s, 3 H, Ph-CH3), 4.13 (q, J = 7.2 Hz, 2 H, OCH2CH3), 4.76 (m, 2 H, 3,4-Cp), 5.35 (m, 2
H, 2,5-Cp), 6.94 (s, 1 H, CH), 7.34 (d, J = 8.4 Hz, 2 H, 3,5-Ph), 7.87 (d, J = 8.4 Hz, 2 H,
2,6-Ph)
2.4.6

Synthesis of tricarbonyl [η5-(3-ethoxy-3-oxopropyl)cyclopentadienyl]
manganese(I), ECP
The synthesis of ECP has been previously reported,50 but other modified methods

were used.51, 52
2.4.6.1 Procedure 1: Reduction of CTPE with NaBH4-CuCl (JOJ14IV29)
CTPE (0.17 g, 0.36 mmol) and copper (I) chloride (25 mg, 0.25 mmol) were
stirred in 50/50 mixture THF and methanol (40 mL). Sodium borohydride (86 mg, 1.8
mmol) was added to the mixture in three increments over a period of ten minutes. After a
spectrum was acquired, sodium borohydride (0.13 g, 2.7 mmol) was added until a dark
precipitate formed. The mixture was stirred for 20 minutes, added to saturated
ammonium chloride (50 mL), and extracted with diethyl ether (25 mL). After the organic
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layer was dried and filtered, the solvent was removed to produce an oil (74 mg, 0.24
mmol, 67% yield).
2.4.6.2 Procedure 2: Reduction of CUE with NaBH4-CuCl (JOJ14II20-2)
CUE (60 mg, 0.20 mmol) in 10 mL of methanol was purged and cannulated into a
flask containing a mixture of sodium borohydride (38 mg, 1.0 mmol) and copper (I)
chloride (40 mg, 0.40 mmol) in 25 mL of methanol. After an NMR of the mixture was
obtained, more sodium borohydride and copper (I) chloride was added (same amounts as
previously added). After ten minutes, saturated ammonium chloride (25 mL) was added
followed by diethyl ether (25 mL). The organic layer was dried and filtered, and the
solvent was removed, leaving an oil. NMR data on the oil were obtained (23 mg, 0.1
mmol, 38% yield).
2.4.6.3 Procedure 3: Reduction of CUE with H2 /Pd-C (JOJ12I10-4,
JOJ14IV02)
CUE (0.13 g, 0.43 mmol) and Pd-C (10%, 0.08 g) in ethanol (200 proof, 30 mL)
were shaken under hydrogen gas at 14 psi using a Parr Hydrogenator. After 36 hours, the
solution was filtered through a 30 mL column of silica gel, and the solvent was removed
via rotary evaporation to produce a yellow oil (0.13 g, 0.41 mmol, 96% crude yield).
1

H NMR (270 MHz, CDCl3): δ (ppm) 1.24 (t, J = 7.2 Hz, 3 H, OCH2CH3), 2.54
(m, 4 H, (CH2)2), 4.16 (q, J = 7.2 Hz, 2 H, OCH2CH3), 4.62 (m, 4 H,
2,3,4,5-Cp)
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2.4.7

Synthesis of tricarbonyl [η5-(2-carboxyethyl)cyclopentadienyl]manganese(I),
CPA (JOJ12XI07-3, JOJ13I14-2)
The synthesis of CPA via Knoevenagel-Roebner reaction and subsequent

hydrogenation has been previously reported but without a detailed synthetic procedure or
NMR data.53 The synthesis used only involved base-catalyzed hydrolysis. ECP (0.94 g,
3.1 mmol) stirred overnight in ethanol (190 proof, 20 mL) and 1.2 M sodium hydroxide
(20 mL, 24 mmol). Ethanol was removed from the solution via rotary evaporation,
leaving a dark precipitate. Hydrochloric acid (1.2 M) was added until the solution
reached a pH 1, and the mixture was extracted with two 20-mL aliquots of diethyl ether.
The solution was dried over magnesium sulfate, filtered, and concentrated to a yellow oil
(0.64 g, 2.3 mmol, 75% yield).
1

H NMR (270 MHz, CDCl3): δ (ppm) 2.60 (m, 4 H, (CH2)2), 4.66 (m, 4 H, 2,3,4,5-Cp)

2.4.8

Synthesis of tricarbonyl [(1,2,3,3a,6a-η)-(5,6-dihydro-4-oxopentalenyl)]
manganese(I), HpO (JOJ13I30-1, JOJ12II09-1)
The synthesis of HpO has been previously reported but without a detailed

synthetic procedure or NMR data.53 The procedure used was derived from a literature
method for a similar complex.54 CPA (1.2, 4.2 mmol) in polyphosphoric acid (20 mL)
was heated to 60 °C and was stirred periodically. After two hours, more PPA was added
(10 mL), and the temperature was increased to 75 °C. After 20 total hours, the solution
was diluted in deionized water (100 mL) and extracted with two 50-mL aliquots of
diethyl ether. The solvent was removed via rotary evaporation to yield an orange solid
(0.94 g, 3.6 mmol, 86% crude yield).
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1

H NMR (270 MHz, CDCl3): δ (ppm) 2.83 (m, 4 H, (CH2)2), 4.74 (m, J = 2.5 Hz, 1 H,
1-pentalenyl), 5.03 (t, J = 2.7 Hz, 1 H, 2-pentalenyl), 5.08 (d, J = 2.5 Hz, 1 H,
3-pentalenyl)

2.4.9

Synthesis of tricarbonyl
[(1,2,3,3a,6a-η)-(5,6-dihydro-4-hydroxy-4H-pentalenyl)] manganese(I),
HpOH (JOJ13X04-2)
The synthetic procedure was derived from a literature method for a similar

complex.55 HpO (0.16 g, 0.62 mmol) in 10 mL of methanol was cannulated into a flask
containing sodium borohydride (47 mg, 1.2 mmol) in 10 mL of methanol at 0 °C. After
an hour of stirring, the mixture was added to 6 M HCl (15 mL) and extracted with diethyl
ether and without neutralization. The organic layer was dried, filtered, and concentrated
to a brown oil, which solidified upon standing (0.15 g, 0.58 mmol, 93% yield).
1

H NMR (270 MHz, CDCl3): δ (ppm) 1.48 (br s, 1 H, OH), 1.88 (m, 1 H, CH2CH2CH),
2.42 (m, 2 H, CH2CH2CH), 2.66 (m, 1 H, CH2CH2CH), 4.33 (m, 1 H,
1-pentalenyl), 4.59 (m, 1 H, 3-pentalenyl), 4.76 (m, 1 H, 2-pentalenyl), 4.97 (m, 1
H, CH2CH2CH)

FTIR (NaCl, heptane):

CO

2024 (4 cm-1 fwhm), 1947 and 1938 cm-1 (apparent 15 cm-1

fwhm for overlapping peaks)
2.4.10 Synthesis of tricarbonyl
[(1,2,3,3a,6a-η)-(5,6-dihydro-4-(2-propynyloxy)-4H-pentalenyl)]
manganese(I), HpOCCH (JOJ14II10-3)
The procedure is similar to the synthesis of CM-OCCH. HpOH (0.12 g, 0.46
mmol) in 20 mL of THF was cannulated into a flask containing sodium hydride (90%, 14
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mg, 0.53 mmol) at 0 °C, and the mixture stirred at room temperature until the evolution
of hydrogen gas subsided. Propargyl bromide (0.1 mL, 1.3 mmol) in 5 mL of THF was
cannulated into the flask at 0 °C, and the mixture continued to stir at room temperature
overnight. The mixture was added to 35 mL of saturated ammonium chloride and
extracted with 25 mL of diethyl ether. The organic layer was dried with magnesium
sulfate, filtered, and concentrated to a brown oil (0.10 g, 0.34 mmol, 74% crude yield).
1

H NMR (270 MHz, CDCl3): δ (ppm) 2.02 (m, 1 H, CH2CH2CH), 2.43 (m, 3 H,
CH2CH2CH, CCH), 2.60 (m, 1 H, CH2CH2CH), 4.25 (s, 2 H, CH2CCH), 4.31 (m,
1 H, 1-pentalenyl), 4.56 (m, 1 H, 3-pentalenyl), 4.76 (m, 1 H, 2-pentalenyl), 4.91
(t, J = 7.4 Hz, 1 H, CH2CH2CH)

FTIR (NaCl, heptane):

CO

2025 (3 cm-1 fwhm), 1949, 1941, and 1937 cm-1 (apparent 17

cm-1 fwhm for overlapping peaks)
2.4.11 Synthesis of tricarbonyl
[(1,2,3,3a,6a-η)-(5,6-dihydro-4-(2-(methoxy)pyridinyl)-4H-pentalenyl)]
manganese(I), HpOPy (JOJ14IV28-3)
Sodium hydride (8 mg, 95% in mineral oil, 0.3 mmol) was added to
2-(bromomethyl)pyridine hydrobromide (75 mg, 0.30 mmol) in 15 mL of THF. After
stirring for 20 minutes, HpOH (20 mg, 0.08 mmol) in 5 mL of THF was cannulated into
the flask. After stirring overnight, the mixture was extracted from 25 mL of deionized
water with diethyl ether (10 mL). After the organic layer was dried over magnesium
sulfate, filtered and reduced to a red oil. No product was isolated.
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2.4.12 Synthesis of tricarbonyl
[(1,2,3,3a,6a-η)-(5,6-dihydro-4-benzyloxy-4H-pentalenyl)]manganese(I),
HpOPh (JOJ14I10-2)
HpOH (30 mg, 0.12 mmol) in 10 mL of THF was cannulated into a flask
containing sodium hydride (60% in mineral oil, 5 mg, 0.13 mmol) in 10 mL of THF at
room temperature. Benzyl bromide (31 µL, 0.26 mmol) was added, and the mixture was
allowed to stir overnight. NMR data were acquired periodically. The mixture was added
to 50 mL of water and extracted with 25 mL of diethyl ether. After the organic layer was
dried and filtered, the solvent was removed for an oil. No product was isolated.
2.4.13 Synthesis of tricarbonyl [(1,2,3,3a,6a-η)-(5,6-dihydro-4-(2-(2-propynyloxy)
pyridinyl)-4H-pentalenyl)]manganese(I), HpOPyCCH (JOJ13XII23-3)
HpOH (41 mg, 0.16 mmol) in 10 mL of anhydrous THF was cannulated into a
flask containing sodium hydride (60% in mineral oil, 6.8 mg, 0.17 mmol) at -10 °C. After
30 minutes, 1-(2-pyridinyl)propargyl tosylate (79 mg, 0.27 mmol) in 10 mL of THF was
cannulated into the reaction flask, and the mixture continued to stir. NMR data were
acquired periodically. After three days of stirring, the reaction mixture was heated to 50
°C for four hours. After six days, the reaction mixture was added to saturated ammonium
chloride (50 mL) and extracted with diethyl ether (25 mL). The organic layer was washed
with saturated sodium chloride, dried over sodium sulfate, and filtered. The solvent was
removed via TTVD to produce a yellow oil. No product was isolated.
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2.5

FTIR studies

2.5.1

FTIR analysis of UV-irradiated A9 (JOJ13III09-1)
A9 (18 mg, 4.9 x 10-2 mmol) was diluted in 10 mL of anhydrous heptane and

purged with argon gas for one hour. The solution was cannulated into 1.0 mm CaF2 cell,
and an FTIR spectrum was obtained. The stock solution was diluted to 2.5 mM by
diluting half of the 4.9 mM solution to 10 mL with heptane, and an FTIR spectrum was
acquired. The sample was irradiated at 254 nm, and difference spectra were acquired.
2.5.2

VTIR analysis of UV-irradiated A9 (JOJ11V18)
A9 (10 mg, 2.7 x 10-2 mmol) was added to a 10-mL volumetric flask and diluted

to total volume with anhydrous heptane. After gently shaking the flask, a sample of the
solution was transferred into a temperature regulated IR cell (CaF2, 1.0 mm), and spectra
were obtained at -10 °C. After collecting a spectrum of the tricarbonyl compound
solution at -10 °C, the sample was irradiated for 60 seconds at 254 nm, and a difference
spectrum was obtained. The cell was gradually warmed to 50 °C, and spectra were
collected after every 10 °C increase.
2.5.3

FTIR analysis of visible light-irradiated cA9py/cA9hy mixture
(JOJ12IV26-1)
cA9py/cA9hy (9 mg, 2.7 x 10-2 mmol total) in 10 mL anhydrous heptane was

transferred to an IR cell (NaCl, 0.5 mm), and a spectrum was acquired. The cell was
irradiated with at 520-535 nm for 120 seconds, and a spectrum was acquired. Irradiation
at 620-635 nm was also performed in the same manner. The sample was irradiated with a
254 nm for 60 seconds, and a spectrum was obtained.
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2.5.4

FTIR analysis of UV-irradiated A13 (JOJ13IV18-1)
A13 (2.2 mg, 6.0 x 10-3 mmol) was diluted in 5 mL of anhydrous heptane and

purged with argon gas for one hour. The solution was cannulated into an IR cell (NaCl,
0.5 mm), and a spectrum was acquired. The cell was irradiated at 254 nm for a total of 60
seconds, and spectra were acquired.
2.5.5

FTIR anaylsis of thermolyzed and UV-irradiated A7 (JOJ12I10-5)
A7 (8.0 mg, 2.0 x 10-2 mmol) in 25 mL of anhydrous heptane was transferred into

a temperature regulated cell, and a spectrum was obtained. The sample was warmed to 50
°C and irradiated at 254 nm for 60 seconds, and difference spectra were acquired. The
rest of the A7 solution (20 mL) was warmed to 50 °C overnight, and a spectrum of A7
solution was obtained before 60 seconds of irradiation.
2.5.6

VTIR analysis of UV-irradiated A7 under nitrogen (JOJ12III19-1)
A solution of A7 (5.4 mg, 1.3 x 10-2 mmol) in 10 mL of anhydrous heptane was

prepared under a nitrogen gas atmosphere, transferred into a temperature-regulated IR
cell (CaF2, 1.0 mm), and cooled to -15 °C. The sample was irradiated at 254 nm for 90
seconds, and spectra were obtained at the regulated temperature.
2.5.7

FTIR analysis of UV-irradiated A7 under argon (JOJ13III25-1)
A7 (5.2 mg, 1.3 x 10-2 mmol) in 10 mL of anhydrous heptane was purged with

argon gas and cannulated into an IR cell (NaCl, 0.5 mm). Difference spectra of the
sample were obtained before and after 90 seconds of irradiation at 365 nm. A fresh
sample of the A7 solution was cannulated into the cell and irradiated at 254 nm, and
spectra were acquired in the same manner.
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2.5.8

FTIR anaylsis of thermolyzed and UV-irradiated A8 (JOJ11V24)
A8 (8.0 mg, 1.9 x 10-2 mmol) was dissolved in anhydrous heptane in a 10-mL

volumetric flask. A sample of the solution was transferred into a temperature-regulated
cell, and the cell was regulated at 20 °C before spectra were obtained. The cell was
heated and regulated at 50 °C, and spectra were obtained every ten minutes for two hours.
The cell was irradiated at 254 nm for 60 seconds, and difference spectra were obtained.
After the stock solution was stirred for 24 hours at ambient temperature, a sample of the
solution was transferred into an IR cell (NaCl, 1.0 mm), and spectra were obtained.
2.5.9

VTIR analysis of UV-irradiated A8 under nitrogen (JOJ12III19-3)
A solution of A8 (4.6 mg, 1.1 x 10-2 mmol) in 10 mL of anhydrous heptane was

prepared under a nitrogen gas atmosphere, transferred into a temperature-regulated IR
cell (CaF2, 1.0 mm), and cooled to -15 °C. The sample was irradiated at 254 nm for 90
seconds, and difference spectra were obtained at the regulated temperature.
2.5.10 FTIR analysis of UV-irradiated A8 under argon (JOJ13IV16-2)
A8 (4.2 mg, 1.0 x 10-2 mmol) was dissolved in 10 mL of heptane, and the solution
was purged under argon for one hour. A sample of the solution was cannulated into an IR
cell (NaCl, 0.5 mm), and spectra were acquired. The sample was irradiated at 254 nm for
a total of 60 seconds and allowed to thermally equilibrate thereafter.
2.5.11 FTIR analysis of UV-irradiated A6 (JOJ13VII08-1)
A6 (3.6 mg, 1.1 x 10-2 mmol) was dissolved in 10 mL of heptane, and the
solution was purged under argon for one hour. A sample of the solution was cannulated
into an IR cell (NaCl, 0.5 mm), and spectra were acquired. The sample was irradiated at
254 nm for 60 seconds, and spectra were acquired during thermal equilibration. After
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another hour of purging, a sample of the A6 solution was cannulated into the IR cell, and
spectra were acquired after 30 and 60 seconds of irradiation at 254 nm.
2.5.12 FTIR analysis of UV-irradiated A12 (JOJ13VIII15-2)
A12 (4.7 mg, 1.3 x 10-2 mmol) was dissolved in 13 mL of heptane and purged
under argon gas for an hour. The sample of the solution was cannulated into an IR cell
(NaCl, 0.5 mm), and a spectrum was acquired before irradiation. The sample was
irradiated at 254 nm for 60 seconds, and difference spectra were acquired.
2.5.13 FTIR analysis of UV-irradiated CM-OCCH (JOJ14IX22-1)
CM-OCCH (3.2 mg, 1.2 x 10-2 mmol) was diluted in 10 mL of heptane, and the
solution was stirred for one hour under continuous argon flow. A sample of the solution
was transferred into an IR cell (NaCl, 1.0 mm) cell under argon. IR data were acquired
before and after 30 and 60 seconds of irradiation at 254 nm.
2.5.14 FTIR analysis of UV-irradiated S1-OCCH (JOJ14V16-3)
S1-OCCH (4.0 mg, 1.2 x 10-2 mmol) was dissolved in 10 mL of heptane and
stirred for one hour under argon. A sample of the solution was transferred into an IR cell
(NaCl, 1.0 mm), and a spectrum was acquired. The sample was irradiated at 254 nm for
90 seconds, and difference spectra were obtained. Another sample of the solution was
irradiated at 365 nm for 60 seconds, followed by irradiation at 465-485 nm, and spectra
were acquired.
2.5.15 FTIR analysis of UV-irradiated S1-CCH (JOJ14VI21-3)
S1-CCH (4.0 mg, 1.2 x 10-2 mmol) was diluted in 10 mL of heptane, and the
solution was allowed to stir for one hour under continuous argon flow. A sample of the
1.2 mM solution was transferred into an IR cell (NaCl, 1.0 mm), and a spectrum was
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acquired. The sample was irradiated at 254 nm for 90 seconds, and difference spectra
were obtained. Several samples of the stock solution were irradiated at 254 nm for 60
seconds, followed by irradiation at 465-485, 520-535, or 620-635 nm.
2.5.16 FTIR analysis of visible light irradiated cS1-CCH_S (JOJ14VII14-3)
cS1-CCH_S (3 mg, 9.9 x 10-3 mmol) was dissolved in 10 mL of heptane, and the
solution was stirred for an hour under continuous argon flow. A sample was cannulated
to a 1.0 mm NaCl cell, and a spectrum was acquired. The sample was irradiated at
465-485, 520-535, and 620-635 nm, and spectra were acquired.
2.5.17 FTIR analysis of UV-irradiated Py1-CCH (JOJ14IX15-2)
Py1-CCH (2.5 mg, 7.0 x 10-3 mmol) was diluted in 10 mL of heptane, and the
solution was stirred for one hour under continuous argon flow. A sample of the 0.7 mM
stock solution was transferred to a 1.0 mm NaCl cell, and a spectrum was acquired. The
sample was irradiated at 254 nm for up to 30 seconds, and difference spectra were
obtained.
2.5.18 FTIR analysis of UV-irradiated Py1-bisCCH (JOJ14VII21-2)
Py1-bisCCH (4.0 mg, 1.0 x 10-2 mmol) was diluted in 10 mL of heptane, and the
solution was stirred for 30 minutes under continuous argon flow. A sample of the 1.0 mM
solution was transferred into an IR cell (NaCl, 1.0 mm), and a spectrum was acquired.
The sample was irradiated at 254 nm for up to 90 seconds, and spectra were obtained.
Another sample of the stock solution was irradiated at 254 nm for 60 seconds, followed
by irradiation at 520-535 nm. A third sample of the stock solution was irradiated at
520-535 nm as a control.
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2.5.19 FTIR analysis of UV-irradiated HpOH (JOJ13X29-3)
HpOH (2.8 mg, 1.1 x 10-2 mmol) in 10 mL of anhydrous heptane was purged
under argon for 20 minutes and cannulated into an IR cell (NaCl, 0.5 mm), and a
spectrum were acquired before irradiation. The sample was irradiated at 254 nm for 60
seconds, and difference spectra were acquired.
2.5.20 FTIR analysis of UV-irradiated HpOCCH (JOJ13X07-1)
HpOCCH (5.0 mg, 1.7 x 10-2 mmol) in 10 mL of anhydrous heptane was purged
under argon for 30 minutes and cannulated into an IR cell (0.5 mm, NaCl), and a
spectrum was acquired. The sample was irradiated at 254 nm for 60 seconds, and
difference spectra were acquired.
2.6

UV-vis studies

2.6.1

UV-vis analysis of visible light irradiated cA9py/cA9hy (JOJ12IV26-4)
cA9py/cA9hy (9.0 mg, 2.6 x 10-2 mmol) in 10 mL anhydrous heptane was

transferred to a cuvette, and a UV-vis spectrum was acquired. The stock solution was
diluted (1 mL of solution to 5 mL total volume) in heptane, and spectra were obtained
before and after irradiation at 520-535 nm. The sample was irradiated for a total of 40
seconds with less than 30 seconds in delays between irradiation intervals.
2.6.2

UV-vis anaylsis of thermolyzed A8 (JOJ15IV06-2)
A8 (8.0 mg, 1.9 x 10-2 mmol) was dissolved in anhydrous heptane in a 25-mL

volumetric flask to prepare a 0.76 mM solution, and a 1.5 x 10-2 mM solution was
prepared by diluting 0.5 mL of the 0.76 mM solution to 25 mL with heptane. An IR
spectrum (NaCl, 0.5 mm) was acquired with the 0.76 mM solution, and a UV spectrum
was acquired with the 1.5 x 10-2 mM solution. The 0.76 mM solution was heated at 60 °C
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overnight, and an IR spectrum was acquired. The solution was diluted to a 1.5 x 10-2 mM
solution in the same manner, and a UV spectrum was acquired.
2.6.3

UV-vis analysis of UV-irradiated A8 (JOJ11X09-1)
A8 (2.1 mg, 5.1 x 10-3 mmol) was dissolved in anhydrous heptane in a 10-mL

volumetric flask to prepare a 0.51 mM solution, and a 0.26 mM solution was prepared by
diluting 5 mL of the stock solution to 10 mL with heptane. A sample of the 0.26 mM
solution was transferred to a quartz cuvette and irradiated in 4-second increments for a
total of 16 seconds at 300 nm.
2.6.4

UV-vis analysis of UV-irradiated DBPh (JOJ13II19-1)
DBPh (2.8 mg, 9.8 x 10-3 mmol) was dissolved in 10 mL of anhydrous heptane to

prepare a 0.98 mM solution, and a UV-vis spectrum was acquired. A 9.8 x 10-3 mM
solution was prepared by diluting 0.1 mL of the 0.98 mM solution to 10 mL with
heptane. Spectra were obtained before and after 5-second increments of irradiation at 300
nm.
2.6.5

UV-vis analysis of UV-irradiated S1-OCCH (JOJ14V16-1)
The S1-OCCH solution is the same as that prepared in Section 2.5.14. About 2

mL of the solution was cannulated into a cuvette, and spectra were acquired. The sample
was irradiated at 365 nm for 60 seconds, and spectra were acquired. The 365
nm-irradiated sample was irradiated at 465-485 nm for 5 seconds, and a spectrum was
acquired.
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2.6.6

UV-vis analysis of UV-irradiated S1-CCH (JOJ14VI21-2)

S1-CCH (4.0 mg, 1.2 x 10-2 mmol) was diluted in 10 mL of heptane, and the solution
was stirred for 1 hour while purging under continuous argon flow. About 2 mL of the
solution was cannulated into a cuvette, and spectra were acquired. The sample was
irradiated at 254 nm for 60 seconds, and data were acquired. The 254 nm-irradiated
sample was irradiated at 465-485, 520-535, and 620-635 nm for 10 seconds with spectra
being acquired between irradiations.
2.6.7

UV-vis analysis of UV-irradiated Py1-bisCCH (JOJ14VII23-1)
Py1-bisCCH (4.0 mg, 1.0 x 10-2 mmol) was diluted in 10 mL of heptane, and the

solution was allowed to stir for 30 minutes under continuous argon flow. Following
filtration, a sample was transferred into a cuvette, and spectra were acquired. The sample
was irradiated at 300 nm for 30 seconds, and spectra were acquired. The 300
nm-irradiated sample was irradiated at 520-535 nm for up to 50 seconds.
2.7

Time-resolved IR studies
All heptane solutions were prepared inside of a glovebox. The solutions were

purged with argon gas while being cycled through a CaF2 IR cell (1.0 mm pathlength).
All picosecond and nanosecond time delay spectra were obtained following irradiation at
266 nm and 355 nm, respectively. Table 1 displays the sample preparations.
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Table 1. Preparation of samples for TRIR analysis
Sample
Mass (mg) in
Concentration
mmol
Reference
(time delay)
heptane (mL)
(mM)
A9 (ns)
38 in 75
1.0 x 10-1
1.4
JOJ12V21
A13 (ns)
21 in 50
5.8 x 10-2
1.2
JOJ12V21
-2
A8 (ps)
20 in 50
5.1 x 10
1.0
JOJ10VIII14-1
A8 (ns)
20 in 50
5.1 x 10-2
1.0
JOJ10VIII14-1
-2
A6 (ns)
20 in 50
6.0 x 10
1.2
JOJ10VIII15-1
A12 (ns)
31 in 75
9.2 x 10-2
1.1
JOJ12V21
-1
HpOCCH (ns)
62 in 50
2.1 x 10
4.2
JOJ14III12-1

2.8

Actinometry studies
The quantum yield (Φ) is a ratio for the number of molecules that undergo a

specific event divided by the number of photons absorbed by the molecules. Equation 1
can be used to calculate the quantum yield of a sample,25 where ΔA is the change in
absorbance of the sample’s photoproduct, V is the volume of the sample solution in liters,
N is Avogadro’s number (6.022 x 1023), Is is the total number of photons absorbed by the
sample during irradiation, ε is the molar absorptivity (or molar extinction coefficient) of
the sample’s photoproduct in M-1cm-1, and l is the cell pathlength in cm

Φs =

As s N
Is ε l

(Equation

1)

Molar absorptivity, ε, was obtained from the slope of the line of best fit for plots of
absorbance versus concentration according to Beer’s law (Equation 2),
A = εlc

(Equation 2)

where A is absorbance, ε is molar absorptivity, l is cell pathlength, and c is molar
concentration (M). Is can be measured from the use of a split-beam actinometer apparatus
as shown in Figure 1.
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CH-R

CH-S

MS

MS

LS = N2 laser (337 nm)
BS = beam splitter
FL = focusing lense
CH-S = sample cell holder
CH-R = reference cell holder
MS = magnetic stirrer

FL

LS
BS

FL

BS

Figure 1. Schematic diagram of actinometer apparatus

When Is is divided by Ir (the total number of photons absorbed by the reference solution),
the ratio of incidence (RI, Equation 3) can be calculated,

RI =

(Equation 3)

and Equation 1 can be rewritten as Equation 4.

As s N
RIIrεsl

Φs

(Equation 4)

The fulgide Aberchrome 540 was used as a chemical actinometer reference. To
determine the total number of photons absorbed by the fulgide solution, Ir can be
calculated using Equation 5,

Ir =

61

Ar r N
Φrεrl

(Equation 5)

where ΔA is the change in absorbance of the fulgide photoproduct, V is the volume of the
fulgide solution in liters, Φr is the quantum yield of the fulgide at 337 nm (0.2), εr is the
molar absorptivity of the fulgide photoproduct at 494 nm (8200 M-1cm-1), and l is the cell
pathlength in cm.
Aberchrome 540 was also used to calibrate the actinometer apparatus by placing
the fulgide in both the sample and reference cells and determining RI using Equation 6.
Due to the ratio, constants cancel from the equation.

I
RI = s =
Ir

As sN
Φsεsl
Ar rN =
Φrεrl

AsNms
Φεl
ArNmr =
Φεl

Asms
Armr

(Equation 6)

ΔA is the change in absorbance of the fulgide at 494 nm during irradiation, m is the mass
of the fulgide solution, and is the density of the fulgide solution. The volumes of the
sample and reference are calculated from their mass and density, and the densities used in
the actinometry studies were for heptane (0.679 g/mL) and toluene (0.863 g/mL).56
2.8.1

Extinction coefficient determination of A9 (JOJ14X07)
A9 (6.5 mg, 1.78 x 10-2 mmol) was diluted to 10 mL with anhydrous heptane in a

10-mL volumetric flask. A series of dilutions were prepared from the 1.78 mM stock
solution (Table 2), and UV-vis and FTIR (0.5 mm NaCl cell) spectra were acquired at a
regulated 25 °C. Extinction coefficient values at 337 and 254 nm in the UV spectrum and
2023 cm-1 in the IR spectrum were determined.

62

Table 2. Preparation of A9 solutions for extinction coefficient determination
Amount of 1.78 mM stock (mL)
Concentration (mM)
diluted to 10 mL total volume
0.5
8.90 x 10-2
1.0
1.78 x 10-1
1.5
2.67 x 10-1
2.0
3.56 x 10-1
2.5
4.45 x 10-1

2.8.2

Extinction coefficient determination of cA9py (JOJ14XI11, JOJ14XI24,
JOJ14XII08)
cA9py was diluted in 10 mL of anhydrous heptane to prepare stock solutions. A

series of dilutions were made in a glovebox (Table 3), and UV-vis and IR spectra and
were acquired. Extinction coefficient values at 520 nm in the UV spectrum and 1873 cm-1
in the IR spectrum were determined.
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Table 3. Preparation of cA9py solutions for extinction coefficient determination
cA9py
Stock
Amount of stock (mL)
Dilution
Reference
(mg, mmol) (mM) diluted to 10 mL total volume
(mM)
0.5
1.07 x 10-1
1.0
2.14 x 10-1
7.2,
2.14
1.5
3.21 x 10-1 JOJ14XI11
2.14 x 10-2
2.0
4.28 x 10-1
2.5
5.35 x 10-1
0.5
7.00 x 10-2
1.0
1.39 x 10-1
4.7,
1.39
1.5
2.09 x 10-1 JOJ14XI24-1
1.39 x 10-2
2.0
2.78 x 10-1
2.5
3.48 x 10-1
0.5
4.75 x 10-2
1.0
9.50 x 10-2
3.2,
0.950
1.5
1.43 x 10-1 JOJ14XII05
9.50 x 10-3
2.0
1.90 x 10-1
2.5
2.38 x 10-1
0.5
6.40 x 10-2
1.0
1.28 x 10-1
4.3,
1.28
1.5
1.92 x 10-1 JOJ14XII08
1.28 x 10-2
2.0
2.56 x 10-1
2.5
3.20 x 10-1

2.8.3

Extinction coefficient determination of cA9hy at 1863 cm-1 (JOJ15II12-1)
A9 (5.0 mg, 1.4 x 10-2 mmol) was dissolved into 10 mL of heptane, and the 1.4

mM solution was stirred while being purged with argon. A sample of the solution was
cannulated into an IR cell (NaCl, 1.0 mm), and spectra were acquired at 0.5 cm-1
resolution. The sample was irradiated at 254 nm for 90 seconds to form the chelate
mixture, and a spectrum was acquired. The irradiated sample was irradiated at 520-535
nm for a total of 15 seconds, and the loss and growth of peaks were reported. The
experiment was repeated in the same manner with a total of 10 seconds of irradiation at
520-535 nm.
The extinction coefficient of cA9hy (εhy) at 1863 cm-1 was determined by
calculating the conversion molar ratio between cA9py and cA9hy formed after the
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irradiation of A9 (assuming the total concentration is constant; ΔChy = -ΔCpy) and
multiplying the ratio by the extinction coefficient for cA9py at 1873 cm-1 (εpy,7692
M-1cm-1). To determine the molar ratio, the change in absorbance of cA9hy (ΔAhy) was
divided by the change in absorbance of cA9py (ΔApy) after irradiation at 520-535 nm
(Equation 7).

Ahy
Apy

=

εhy lc
εpy lc

(Equation 7)

The equation can be re-written as Equation 8

Ahy
Apy

=

εhy
εpy

(Equation 8)

= εhy

(Equation 9)

and Equation 9.

εpy

Ahy
Apy

The quantum yield for the formation of cA9hy (Φhy) from A9 was calculated with
Equation 10, εhy, and values acquired for the determination of Φpy (See Section 2.8.5)

Φhy =
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Ahy N
RI Ir εhy l

(Equation 10)

2.8.4

Actinometry calibration with Aberchrome 540 (JOJ14XI20, JOJ14XII12)
E-fulgide (Aberchrome 540) was dissolved in 25 mL of toluene, and a known

amount of the solution was transferred into two cuvettes. The two samples (labeled
Reference and Sample) were irradiated at 337 nm for 2-8 minutes at room temperature
with a nitrogen laser (GL-3300) set at 5-6 pulses per second, and UV-vis spectra were
acquired. The samples were recycled after irradiation at 465-485 nm.
2.8.5

Quantum yield determination for formation of cA9py and cA9hy from A9
(JOJ14XI24-2, JOJ15I23-3)
A9 (25.4 mg, 7.96 x 10-2 mmol) was diluted in 25 mL of anhydrous heptane, and

the solution was stirred for an hour. A sample of this A9 solution was transferred into a
cuvette equipped with a stir bar (labeled Sample), and a sample of the 1.9 mM E-fulgide
solution from JOJ14XI20-1 was transferred into a cuvette equipped with a stir bar
(labeled Reference). The two samples were irradiated at 337 nm while stirring at room
temperature with a nitrogen laser (GL-3300) set at 5-6 pulses per second, and UV-vis and
IR spectra were acquired. The quantum yields were not corrected for inner filter effects,
but the conversions were kept under 6% to minimize photon absorption by the products.
The fulgide solutions were recycled after irradiation at 465-485 nm.
The experiment was repeated (JOJ15I23-3) with the same procedure
aforementioned using A9 (7.4 mg, 2.0 x 10-2 mmol) in 10 mL of anhydrous heptane
(Sample) and E-fulgide (13.1 mg, 5.0 x 10-2 mmol) in 25 mL of toluene (Reference).
2.8.6

Extinction coefficient determination of DBMe2 (JOJ15IV06-1)
DBMe2 (15.0 mg, 6.3 x 10-2 mmol) was diluted to 25 mL with anhydrous heptane

in a 25-mL volumetric flask to prepare a 2.52 mM stock solution. A series of dilutions
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were prepared from the stock solution (Table 4), and UV-vis spectra were acquired at a
regulated 25 °C.
Table 4. Preparation of DBMe2 solutions for extinction coefficient determination
Amount of 2.52 mM stock (mL)
Concentration (mM)
diluted to 10 mL total volume
0.1
2.52 x 10-2
0.2
5.04 x 10-2
0.3
7.56 x 10-2
0.4
1.01 x 10-1
0.5
1.26 x 10-1
0.6
1.51 x 10-1

2.9

Chelate stability under CO

2.9.1

FTIR analysis of S3 under CO (JOJ14IX15-2)
S3 (10 mg, 2.6 x 10-2 mmol) was dissolved in 10 mL of heptane, and the solution

was purged under argon for 30 minutes. The solution was cannulated into an IR cell
(NaCl, 0.5 mm), and difference spectra were obtained before and after 60 seconds of
irradiation. The 10-mL solution was purged with carbon monoxide for 30 minutes, and
spectra of the solution were obtained before and after irradiation in the same manner.
2.9.2

FTIR analysis of A1 under CO (JOJ14IX15-3)
A1 (8 mg, 2.5 x 10-2 mmol) was dissolved in 10 mL of heptane and purged under

carbon monoxide for 30 minutes. IR data were obtained using the same procedure from
the Section 2.9.1.
2.10

Thionation of A5 and organic models

2.10.1 Procedure for thionation of organic models (JOJ10II and JOJ10III)
In a typical reaction, Lawesson’s reagent (LR) and a carbonyl compound of a
known amount (Table 5) was added to a 10 x 1 test tube and stirred. The tube was placed
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in an alumina bath (40-45 g) and irradiated for 1-2 minutes. The mixture was stirred after
every 10 seconds irradiation. Benzophenone was irradiated until the material melted. The
mixture was dissolved in 1-4 mL of dichloromethane, and flash chromatography (silica
gel column, SF 10-8 g) was performed with 10:1 hexanes/ethyl acetate (40 mL). Eluates
were analyzed via 1H NMR or GC-MS instruments.
2.10.2 Procedure for thionation of A5 (JOJ10II and JOJ10III)
A5 and LR were added to a 10 x 1 cm test tube and dissolved in toluene or
mesitylene. The solution was mixed with a glass stirring rod and irradiated for 5-10
minutes in an alumina bath (45 g). After irradiation, the solution was purged with
nitrogen gas, and the tube was wrapped in foil and secured with a septum. The solvent
was evaporated via nitrogen gas, and solids were analyzed via 1H NMR or GC-MS
instruments. Preparation of the samples is tabulated in Table 5.
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Table 5. Preparation of samples for thionation with Lawesson’s reagent
Mass of sample, Mass of LR, Irradiation
Sample
Reference
g (mmol)
g (mmol)
(s)
0.10 (0.32)
0.16 (0.39)
300
JOJ10III09 a
A5
0.16 (0.50)
0.15 (0.35)
1200
JOJ10III13-3 b
0.29 (1.6)
0.30 (0.74)
240
JOJ10III04-5
Benzophenone
0.30 (1.6)
0.30 (0.74)
180
JOJ10III23
Ethyl benzoate
0.19 (1.3)
0.33 (0.82)
120
JOJ10II04-1
0.16 (1.1)
0.35 (0.87)
120
JOJ10II04-5
Ethyl picolinate
0.23 (1.5)
0.35 (0.87)
90
JOJ10II05
0.85 (5.6)
2.1 (5.3)
120
JOJ10III16
0.12 (2.1)
0.39 (0.96)
120
JOJ10II03
Acetone
0.46 (7.9)
1.1 (2.6)
120
JOJ10II26
0.96, (8.0)
1.6 (3.9)
60
JOJ10II09-1
Acetophenone
0.75 (6.2)
1.3 (3.1)
60
JOJ10II13
2-Acetylpyridine
0.97 (8.0)
1.6 (4.0)
15
JOJ10II09-2
a
Solvent is 0.5 mL of toluene; b solvent is 5 mL of mestiylene
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CHAPTER 3. RESULTS

3.1

Synthesis and spectral data summary of cymantrene derivatives with
hydrazone tether
The tricarbonyl cymantrene derivatives A9, A13, A7, A6, and A12 are yellow

before irradiation, and A8 is white. While A9 is liquid, all other cymantrene derivatives
are solids. The chelates that were isolated–cA9py and cA13hy–are red solids. A
summary of reactions and yields of the products is shown in Table 6. The derivatives
were characterized by 1H NMR (Table 7, see appendices for NMR spectra), 13C NMR
(Table 8), and IR (Table 9).
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Table 6. Summary of reactions, products, and isolated yields for the synthesis of
cymantrene derivatives with hydrazone tether
Starting material
A1

Reagents

Product
A9

(CH3)2N-NH2 / AcOH
A5

% Yield
76

A13
(CH3)2N-NH2 / AcOH

A1

71
A7

PhHN-NH2 / AcOH
A5

72
A8

PhHN-NH2 / AcOH
A1

74
A6

H2N-NH2 / AcOH
A5

67
A12

H2N-NH2 / AcOH

40
cA9py

A9
350 nm in THF

96
cA13hy

A13
300 nm in THF

33 Fulmer, G. R.; Miller, A. J. M.; Sherden, N. H.; Go ttlieb, H. E.; Nudelman, A.; Stoltz, B. M.; Bercaw, J. E.; Gold berg, K. I. Organ ometallics, 2010 , 29, 21 76-2179 : 7.16 and 128.06 ppm for 1H and 13C in ben zene-d6, 7.24 and 77.0 ppm for 1H and 13 C in CD Cl3.
34 Heilweil, E. J .; Jo hnson, J. O.; Mosley , K. L.; L ubet, P. P.; Webster, E. C.; Bur key , T. J. Organometallics, 2011, 30, 561 1-5619.
35 Dougherty , T. P.; Heilweil, E. J. Chem. Phys. Lett., 199 4, 227, 19-25.
36 Heilweil, E. J .; Jo hnson, J. O.; Mosley , K. L.; L ubet, P. P.; Webster, E. C.; Bur key , T. J. Organomet. , 2011, 30, 561 1-5619
37Fernandez, A.; Va zque z-Garcia, D.; Fernandez, J. J.; Lo pez-Torres, M. ; Suarez, A .; Vila, J. M. J. Organomet. Chem., 2 005, 69 0, 3669-36 79.
38 Day , A. C.; Whiting, M. C. Or ganic Syntheses, 1970, 50, 3-6.
39 Seregin, I. V. and Gevorgy an, V. J. Am. Chem. Soc., 2006, 1 28, 120 50-12051.
40 Hromadová, M.; Salmain, M. ; So kolo vá R.; Po spíš il, L. ; Jaouen, G. J. Org anomet. Chem., 2003 , 668, 1 7.
41 To, T. T.; D u ke, C. B., III; Jun ker, C. S.; O'Brien, C. M. ; Ross, C. R., II; Barnes, C. E.; Webs ter, C. E.; Bur key , T.J. Orga nometallics, 20 08, 27(2), 28 9-296.
42 Ry bins kay a, M. I.; Korneva, L. M. J. Org anomet. Chem.,1982, 231(1), 25-35.
43 Foreman, E. L. and McElvain, S. M. J. Am. Chem. Soc., 194 0, 62, 1 435-1438.
44 Yeh, P.; Pang, Z.; John ston, R. J. Or ganomet. Chem., 199 6, 509, 123.
45 To, T. T. Sy nthesis and Chemistry of New Photochromic Compounds Based on Chelation of Cy mantrene Derivatives. Ph.D. Dissertation, T he University of Memphis, Memphis, TN, 2 005.
46 Speed, T. J. ; McInty re, J. P.; Thamattor, D. M. J. Chem. Ed., 200 4, 81, 3 55.
47 Uenishi, J .; Aburatani, S.; Takami, T. J. O rg. Chem., 2007, 72, 132-13 8.
48 Bitterwolf, T. E.; Dai, X. J. Organ omet. Chem.,1 992, 44 0(1-2), 103-12.
49 Caro, B.; Le Bihan, J.; Gu illo t, J. ; Top, S.; Jaouen, G. J. Chem. Soc., Chem. Commun. , 1984, 9, 602.
50 Yeh, Pei-H.; Pang, Z.; Johns ton, R. F. J. Organ omet. Chem., 1996, 5 09, 123-1 29.
51 Narisada, M.; Horibe, I.; Watanabe, F.; Ta keda, K. J. Org. Chem., 198 9, 54, 5 308-5313.
52 Meng, Q.; Zh u, L.; Z hang, Z. J. Org. Chem., 2 008, 73, 7209-72 12.
53 Cais, M .; M odiano, A. Chem. an d Ind. 196 0, 202. (b) Coffield, T. H. ; Ihrman, K. G.; Burns, W., J. Am. Chem. Soc., 19 60, 82, 1251. (c) Mod iano, A.; Cais, M. Te trahedro n Let., 1960, 18, 31-35.
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Table 7. 1H NMR shifts of cymantrene derivatives with hydrazone tether in CDCl3 (ppm)
CH2

3,4-Cp 2,5-Cp

2,6-Ph 3,5-Ph 4-Ph

3-Py

4-Py 5-Py 6-Py N(CH3)2

7.99

7.66

N(H)Ph

A9
4.02

4.48

4.76

3.90

4.51

4.59

4.02

4.56

4.81

3.76

4.62

4.78

3.88

4.55

4.83

3.66

4.60

4.76

2.97

3.48

4.60

7.26

8.60

2.59

A13
7.64

7.37

7.37

2.54

A7
8.18

7.68

7.26

8.54

(7.84) 6.93, 7.26

A8
7.79

(7.65) 6.91,
7.17-7.44

7.17-7.44

A6 a
7.94

7.65

7.19

8.55

7.30 c

5.81

6.51

8.90

A12 a
7.64

7.35

7.35

cA9py b
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2.36

Table 7. 1H NMR shifts of cymantrene derivatives with hydrazone tether in CDCl3 (ppm)
CH2

3,4-Cp 2,5-Cp

2,6-Ph 3,5-Ph 4-Ph

3-Py

4-Py 5-Py 6-Py N(CH3)2

N(H)Ph

cA13hy
3.44
a

3.52

4.74

7.62

7.43

7.43

2.86

NH2 peaks for A6 and A12 appear at 5.74 and 5.56 ppm, respectively; b solvent is benzene-d6 ; c peak is obscured by solvent peak
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Table 8. 13C NMR shifts of cymantrene derivatives with hydrazone tether in CDCl3 (ppm)
CH2

3,4-Cp

2,5-Cp

1-Cp

25.6

81.0

84.4

101.1

27.4

81.6

83.8

101.1

Ph

Py

C=N

N-Ph

CO

122.0, 124.1, 136.4, 148.3,
154.9

164.9

225.3

165.8

225.2

A9 a

A13 a
127.5, 128.7,
130.0, 137.2

A7
22.0

81.1

84.7

98.6

24.1

81.5

84.3

97.4

21.8

81.2

84.7

98.9

24.0

81.5

84.2

98.3

120.1, 122.6, 136.2, 144.4,
148.5

155.2

A8
128.3, 128.6,
129.3, 137.7

144.7

113.6,
121.2,
129.4
141.7
113.4,
120.8,
125.6,
140.3

225.0

224.7

A6
120.1, 122.9, 136.3, 147.5,
148.5

155.2

225.1

146.9

224.8

A12

a

125.8, 128.55,
128.58, 137.4

N(CH3)2 peaks for A9 and A13 appear at 47.7 and 47.9 ppm, respectively
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Table 9. Manganese carbonyl stretching frequencies of cymantrene derivatives
with hydrazone tether in heptane (cm-1)
Tricarbonyl
CO (symmetric)
CO (asymmetric)
2023
1941
A9
2025
1950, 1943
A13
2025
1952, 1929
A7cis
2025
1943
A7trans
2027
1953, 1932
A8cis
2024
1942
A8trans
2024
1944
A6
2026
1949, 1940
A12
1937
1872
cA9py
1931
1863
cA9hy
1933
1870, 1865
cA13hy
1938
1874
cA7py
a
1942
1878
cA7hy
a
1961
1905
cA7azo
1942
1879
cA8hy
a
1961
1906
cA8azo
1937
1872
cA6py
1937
1872
cA6hy
1964
1904
cA6azo
1938
1874
cA12hy
a
Stretching frequency is approximated due to obscurity by overlapping peak
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3.2

Photochemistry of derivatives with hydrazone tether

3.2.1

Irradiation of dimethylhydrazones
A9 has a side chain that contains a dimethylhydrazone group and a 2-pyridinyl

group, where irradiation leads to a mixture of the respective chelates (Scheme 29). Before
irradiation, A9 has CO stretching frequencies at 2023/1941 cm-1 (Figure 2). After
irradiation at 254 nm in heptane, a set of bands for one product was observed at
1937/1872 cm-1 (assigned to cA9py), while bands for the other product appeared at
1931/1863 cm-1 (assigned to cA9hy). The bands assigned to cA9py appeared in a 5:2
ratio in relation to cA9hy with no dependence on irradiation time.

Scheme 29. Irradiation of A9 under argon at 254 nm

0.60
0.40

ΔOD

0.20
0.00

-0.20

60 s irr at 254 nm
120 s irr at 254 nm
180 s irr at 254 nm

-0.40
-0.60
2040

2000

1960
1920
wavenumber (cm-1)

1880

1840

Figure 2. FTIR difference spectra of 2.5 mM A9 in heptane under
argon after irradiation at 254 nm, JOJ13III09-1
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When a sample of the chelate mixture was irradiated at 520-535 nm for 60
seconds, the bands at 1937/1872 cm-1 decayed as the bands at 1931/1863 cm-1 grew
(Scheme 22, Figure 3). When the same sample was irradiated at 350 nm, the peaks at
1937/1872 cm-1 grew as the bands at 1931/1863 cm-1 decayed.

Scheme 30. Photoisomerization of cA9py and cA9hy
0.54

0.36

ΔOD

0.18

0.00
-0.18

60 s irr 520 nm
2 min irr at 350 nm
4 min irr at 350 nm
8 min irr at 350 nm
12 min irr at 350 nm

-0.36

-0.54
1950

1925

1900
1875
wavenumber (cm-1)

1850

Figure 3. FTIR difference spectra of 2.7 mM cA9py and cA9hy
mixture in heptane after 60 seconds of irradiation at 520-535 nm
(—) and after 2-20 minutes of irradiation at 350 nm (—),
JOJ12VI05-1

A similar trend was observed in a UV-vis study (Figure 4). Before irradiation of a
sample of the chelate mixture at 520-535 nm, bands were observed at 335 and 520 nm.
During irradiation, both bands decayed as absorbance at 270 nm grew, and an isosbestic
point was observed at 307 nm. The color of the sample changed from red to a lighter red.
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After 40 seconds of irradiation, photo-conversion ceased, but the bands at 335 and 520
nm did not decay completely.

3
2.5
0 s irr at 520 nm
10 s irr at 520 nm
20 s irr at 520 nm
30 s irr at 520 nm
40 s irr at 520 nm

ΔOD

2
1.5
1
0.5
0
200

250

300

350

400 450 500 550
wavelength (nm)

600

650

700

Figure 4. UV-Vis spectra of a 2.7 mM cA9py/cA9hy (~2:1)
mixture in heptane after irradiation at 520-535 nm, JOJ12IV26-4

For comparison, A13 was designed to produce only a dimethylhydrazone chelate
(Scheme 31). Before the irradiation of A13 in heptane, IR bands were observed at
2025/1950/1943 cm-1 (Figure 5). After irradiation, bands assigned to cA13hy appeared at
1933/1870/1865 cm-1, and a broad band at 1894 cm-1 was also observed.

Scheme 31. Irradiation of A13 under argon at 254 nm
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0.15
0.1

ΔOD

0.05
0

-0.05

30 s irr at 254 nm
60 s irr at 254 nm
120 s irr at 254 nm

-0.1
-0.15
-0.2
2020

1980

1940
1900
wavenumber (cm-1)

1860

1820

Figure 5. FTIR difference spectra of 1.2 mM A13 in heptane
irradiated at 254 nm under argon, JOJ13IV18

TRIR spectra of A9 irradiated at various nanosecond time delays and an FTIR
spectrum of the steady-state irradiation of A9 are presented in Figure 6. The FTIR
spectrum shows bands for the photoproducts at 1937/1872 cm-1 and 1931/1863 cm-1.
Throughout the time delays in the TRIR spectra, bands were observed at 1937/1872 cm-1
with a bleached band at 1941 cm-1. One could argue that a second band can be observed
around 1863 cm-1, but the signal was so weak that it becomes obscured in the baseline.
Despite the weak signal, no transient bands were observed. In regards to spectra of
irradiated A13 (Figure 7), the TRIR and FTIR spectra all present a band clearly seen at
1865 cm-1 along with a bleached peak at 1940 cm-1. No transient bands were observed.
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Δ OD

0.35
0.3

12 ns

0.25

50 ns

0.2

100 ns

0.15

50 µs

0.1

200 µs

0.05

600 µs

0

FTIR

-0.05
-0.1

1950

1930

1910
1890
wavenumber (cm-1)

1870

1850

ΔOD

Figure 6. TRIR difference spectra of 1.4 mM A9 in heptane after
irradiation at 355 nm at various nanosecond time delays under
argon, JOJ12V21

0.5

10 ns

0.4

50 ns

0.3

100 ns

0.2

250 ns

0.1

500 ns

0

FTIR

-0.1
1945

1925

1905
1885
1865
wavenumber (cm-1)

1845

Figure 7. TRIR difference spectra of 1.2 mM A13 in heptane after
irradiation at 355 nm at various nanosecond time delays under
argon, JOJ12V21
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3.2.2

Thermolysis of phenylhydrazones
A7 and A8 unusually contain four IR bands of various ratios in the CO region,

which were assigned as possible Z/E isomers (Scheme 32).

Scheme 32. Thermal isomerization of the phenylhydrazone
side chain

An IR spectrum of A7 in heptane before thermolysis showed bands at 2025 and
1943 cm-1 with shoulders at 1952 and 1928 cm-1 (Figure 8). After the solution was stirred
at 50 °C, IR results showed no apparent change in the band at 2025 cm-1, but the band at
1943 cm-1 continued to grow as the shoulders decayed.
0.6
0.5

Z+E

ΔOD

0.4
0.3

E

0.2
no heat
0.1

overnight at 50 C
0
2050

2010

1970
1930
wavenumber (cm-1)

1890

1850

Figure 8. FTIR spectra of a 0.8 mM A7 Z/E mixture in heptane
before and after thermolysis at 50 °C, JOJ12I10-1, JOJ12I10-5
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When the thermolyzed solution of A7 in heptane was irradiated at 254 nm, a peak
at 1880 cm-1 formed in 25% conversion with relation to the amount of A7 lost (Figure 9).
Within three minutes, the peak at 1880 cm-1 had completely decayed.

0.04

0.02

ΔOD

0

-0.02
-0.04

0 min delay
3 min delay
7 min delay
10 min delay
after 60 s irr at 254 nm

-0.06
-0.08

-0.1
2040

2000

1960
1920
1880
wavenumber (cm-1)

1840

1800

Figure 9. FTIR difference spectra of thermolyzed 0.8 mM A7 in
heptane following 60 seconds irradiation at 254 nm under nitrogen,
JOJ12I10-5
A8, the phenyl analog of A7, was thermolyzed in the same manner as A7. Before
thermolysis, IR bands for A8 appeared at 2027, 1953, 1942, and 1932 cm-1 (Figure 10).
Within two hours at 50 °C, the bands at 2027, 1953 and 1932 cm-1 decayed completely
while bands at 2024 and 1942 cm-1 grew. When the theromlysis product was irradiated at
254 nm, the bands at 2024 and 1942 cm-1 bleached, but no new bands were observed
(Figure 11).
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1
0.8
Z+E
0.6

ΔOD

E

0.4
no heat
0.2
overnight at 50 C

0
2050

2010

1970
1930
wavenumber (cm-1)

1890

1850

Figure 10. FTIR spectra of a 1.2 mM A8 Z/E mixture in heptane
before and after thermolysis at 50 °C, JOJ11XII27-1
0.04

0

ΔOD

-0.04
-0.08

-0.12
-0.16
-0.2

2040

2000

1960
1920
1880
wavenumber (cm-1)

1840

1800

Figure 11. FTIR difference spectrum of thermolyzed 1.2 mM A8 in
heptane following 60 seconds irradiation at 254 nm in heptane,
JOJ11XII27-1
Thermolysis of A8 was also monitored via UV spectra (Figure 12). Before a 1.6 x
10-2 mM solution of A8 in heptane was heated, max absorbance was observed at 330 nm
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(0.26 AU) with a shoulder at 295 nm (0.15 AU). After the solution was heated overnight
at 60 °C, absorbance at 330 and 295 nm decayed to 0.01 and 0.02 AU, respectively.
1.2
1

ΔOD

0.8
0.6

no heat
overnight at 60 C

0.4
0.2
0

200

250

300
wavelength (nm)

350

400

Figure 12. UV spectra of 1.5 x 10-2 mM A8 Z/E mixture in heptane
before and after thermolysis at 60 °C, JOJ15IV06

3.2.3

Irradiation of phenylhydrazones
Solutions of A7 and A8 isomeric mixtures in heptane were irradiated under

nitrogen and argon to gauge the stability of the photoproducts in the presence of the
respective gas. Immediately after the irradiation of A7 at -15 °C under nitrogen (Scheme
33 and Figure 13), bands appeared at 1979/1926 cm-1 (assigned to a nitrogen adduct
by-product) and 1938/1874 cm-1 (assigned to cA7hy and/or cA7py). Within 24 minutes,
the bands at 1938/1874 cm-1 decayed almost completely as the bands at 1979/1926 cm-1
and 1961/1905 cm-1 (assigned to cA7azo) simultaneously grew. The same experiment
was also performed at room temperature; however the bands at 1938/1874 cm-1
completely decayed within 2-4 minutes.57
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Scheme 33. Proposed mechanism for irradiation of A7 under
nitrogen
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0.15
0.1

ΔOD

0.05
0

-0.05
-0.1

0 min delay
5 min delay
9 min delay
13 min delay
24 min delay
after 90 s irr at 254 nm

-0.15
-0.2

-0.25
2010

1970
1930
wavenumber (cm-1)

1890

1850

Figure 13. FTIR difference spectra of 1.3 mM A7 Z/E mixture in
heptane at -15 °C under nitrogen after 90 seconds of irradiation at
254 nm, JOJ12III19-1

An A7 isomeric mixture in heptane was irradiated under argon at 365 and 254 nm
(Scheme 34).58 Both experiments produced the same results, but irradiation at 365 nm
provided more intense IR bands. After irradiation at 365 nm (Figure 14), bands were
observed at 1979/1926 cm-1 (assigned to nitrogen adduct) and 1938/1874 cm-1 (assigned
to cA7py) with shoulder absorbance at 1942/1878 cm-1 (assigned to cA7hy). Also, weak
bands were observed at 1961/1905 cm-1 (assigned to cA7azo), which were ~3% the area
of the bands at 1938/1874 cm-1. Within 20 minutes, the bands at 1979/1926 cm-1 and
1938/1874 cm-1 grew with the decay of the shoulder bands at 1942/1878 cm-1. After the
shoulder bands disappeared, the growth of the remaining bands ceased, and no obvious
bleach recovery was observed.
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Scheme 34. Proposed mechanism for the irradiation of A7 in
under argon with possible nitrogen contamination

0.06
0.04

ΔOD

0.02

0
0 min delay
1 min delay
6 min delay
10 min delay
20 min delay
after 90 s irr at 365 nm

-0.02
-0.04
-0.06
2040

2000

1960
1920
wavenumber (cm-1)

1880

1840

Figure 14. FTIR difference spectra of 1.3 mM A7 Z/E mixture in
heptane under argon after 90 seconds of irradiation at 365 nm,
JOJ13III25-1
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Solutions of A8 as an isomeric mixture in heptane were also irradiated at 254 nm
in the presence and absence of nitrogen to examine the stability of the hydrazone
photoproduct. After 90 seconds of irradiation under nitrogen at 15 °C (Scheme 35 and
Figure 15), sets of bands appeared at 1977/1924 cm-1 (assigned to a nitrogen adduct) and
1961/1906 cm-1 (assigned to cA8azo) in a 12:1 ratio. Within 42 minutes, the bands at
1977/1924 cm-1 decayed by 82% as the bands at 1961/1906 cm-1 doubled in absorbance.

Scheme 35. Proposed mechanism for the irradiation of A8 in
the presence of nitrogen
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24 min delay
42 min delay
after 90 s irr at 254 nm

-0.08
-0.16
-0.24
2020
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1940
wavenumber (cm-1)

1900

1860

Figure 15. FTIR difference spectra of 1.1 mM A8 Z/E mixture in
heptane at -15 °C under nitrogen after 90 seconds of irradiation at
254 nm, JOJ12III19-3

When the A8 isomeric mixture was irradiated under argon at room temperature
(Figure 16), bands appeared at 1942/1879 cm-1 (assigned to cA8hy) and 1977/1924 cm-1
(assigned to a nitrogen adduct) in a 13:1 ratio relative to each other. Within 20 minutes,
the bands at 1942/1879 cm-1 decayed by 18% as the bands at 1977/1924 cm-1 doubled in
absorbance.
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Figure 16. FTIR difference spectra of 1.0 mM A8 Z/E mixture
under argon after 60 seconds of irradiation at 254 nm,
JOJ13IV16-2

UV spectra on a 0.26 mM solution of A8 as an isomeric mixture in heptane under
nitrogen before and after irradiation were obtained to observe electronic transitions
(Figure 17). After 16 seconds of irradiation at 300 nm, absorbance at 207 and 330 nm
decreased (1.54 to 1.31 AU and 0.32 to 0.10 AU, respectively), while absorbance at 265
nm increased (0.12 to 0.20 AU). Two isosbestic points were observed at 245 and 287 nm
(0.33 and 0.17 AU, respectively).
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Figure 17. UV spectra of 0.26 mM A8 in heptane before and after
irradiation at 300 nm under nitrogen, JOJ11X09-1

For comparison to A8, UV spectra on a 0.98 mM solution of DBPh were also
obtained before and after irradiation in the same manner (Scheme 36 and Figure 18).
After 10-second increments of irradiation at 300 nm, absorbance at 235 and 328 nm
decreased (0.13 to 0.094 AU and 0.18 to 0.11 AU, respectively) and absorbance
increased at 265 nm (0.011 to 0.075). Two possible isosbestic points were observed at
245 and 292 nm (0.09 and 0.08 AU, respectively). Using Beer’s law (Equation 2), an
approximate molar absorptivity value at 330 nm is 0.176 AU/ (9.9 x 10-6 M)(1 cm) =
17766 M-1cm-1.

Scheme 36. Synthesis and isomerization of DBPh
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Figure 18. UV-vis spectra of 0.98 mM DBPh in heptane under
nitrogen before and after irradiation at 300 nm, JOJ13II19-1

TRIR spectra of the A8 isomeric mixture irradiated under argon at various
picosecond and nanosecond time delays were obtained (Figure 19). Throughout all the
time delays, bands at 1942/1879 cm-1 were observed with no evidence of transient bands.
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Figure 19. TRIR difference spectra of irradiated 0.97 mM A8 in
heptane after irradiation at 266 nm (ps) and 355 nm (ns) at various
picosecond and nanosecond time delays under argon,
JOJ10VIII14-1

3.2.4

Irradiation of dihydrohydrazones
A6 in heptane was irradiated under argon and analyzed via IR spectroscopy

(Scheme 37). Before the irradiation of a 1.1 mM A6 solution under argon, bands were
observed at peaks were observed at 2024 and 1944 cm-1 (Figure 20). During 60 seconds
of irradiation at 254 nm, bands appeared at 1937/1872 cm-1 (assigned to cA6py and/or
cA6hy) and 1964/1904 cm-1 (assigned to cA6azo) in nearly a 16:1 ratio. Within 12
minutes, the peaks at 1937/1872 cm-1 decayed by 24%, and the peaks at 1964/1904 cm-1
grew by a factor of eight. No evident peaks were observed at 1977/1924 cm-1, where
nitrogen coordination has been previously report.
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Scheme 37. Proposed mechanism for the irradiation of A6 under
argon
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Figure 20. FTIR difference spectra of irradiated 1.1 mM A6 in
heptane under argon after 60 seconds of irradiation at 254 nm,
JOJ13VII08-1
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A12, the phenyl analog of A6, was irradiated in heptane under argon and analyzed
in the same manner as A6 (Scheme 38). Before irradiation of 1.0 mM solution, bands
were observed at 2026, 1949, and 1941 cm-1. During irradiation at 254 nm, bands were
observed at 1938/1874 cm-1. Within 32 minutes, the bands decayed by 72% (Figure 21).

Scheme 38. Proposed mechanism for the irradiation of A12 under argon

0.14

ΔOD

0.07

0

0 min delay
8 min delay
16 min delay
32 min delay
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wavenumber (cm-1)
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Figure 21. FTIR difference spectra of irradiated 1.0 mM A12 in
heptane under argon after 60 seconds of irradiation at 254 nm,
JOJ13VIII15-2

TRIR spectra of A6 and A12 irradiated at 355 nm in heptane were also obtained
at various nanosecond time delays (Figure 22 and Figure 23, respectively). From the
irradiation of A6, bands were observed at 1937/1872 cm-1 during each time delay along
with a bleached band at 1944 cm-1 (Figure 22). From the irradiation of A12, absorption
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bands formed at 1938/1874 cm-1 with broad bleached bands appearing at ~1945/1940 cm-1
(Figure 23). No apparent transient bands were observed throughout each of the spectra
for both compounds.
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Figure 22. TRIR difference spectra of 1.2 mM A6 in heptane
irradiated at 355 nm under argon at various nanosecond time
delays, JOJ10VIII15-1
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Figure 23. TRIR difference spectra of irradiated 1.2 mM A12 in
heptane irradiated at 355 nm under argon at various nanosecond
time delays, JOJ12V21
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3.3

Synthesis and spectral data summary of cymantrene derivatives with alkyne
tether
The tricarbonyl cymantrene derivatives–S1-OCCH, S1-CCH, Py1-CCH,

Py1-bisCCH, and CM-OCCH–are yellow before irradiation. S1-OCCH, S1-CCH and
Py1-CCH are oils, while Py1-bisCCH, and CM-OCCH are solids. The only chelate that
was isolated (cS1-CCH_S) is a red solid. A summary of reactions and yields of the
products is shown in Table 10. The derivatives and their precursors were characterized by
1

H NMR (Table 11, see appendices for NMR spectra) and IR (Table 12).
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Table 10. Summary of reactions, products, and isolated yields for the synthesis of
cymantrene derivatives with tethered alkynes
Starting material

Reagents

Product
FC

n-BuLi / DMF
FC

%Yield
78

CMA
NaBH4

73

CMA

CMC
HCl

89
CAC

chloroacetyl chloride / AlCl3
CAC

92
S1

NaSCH3

84

S1

S1-OH
NaBH4

48

S1-OH

S1-OCCH
NaH / BrCH2CCH

68
S1-CCH

S1
NaH / BrCH2CCH

48

cS1-CCH_CC

S1-CCH
300 nm in THF

~8%

Py1

CME

26 a

n-BuLi / 2-picoline

Py2

CME
n-BuLi / 2-picoline

13 a

Table 10. Summary of reactions, products, and isolated yields for the synthesis of
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cymantrene derivatives with tethered alkynes
Starting material
Py1

Reagents

Product
Py1-CCH

t-BuOLi b / BrCH2CCH
Py1

67 a

Py1-bisCCH
NaH c / BrCH2CCH

CMA

39

CM-OCCH
NaH / BrCH2CCH

49
CM-OPyCCH

CMC
1-(2-pyridinyl)propargyl alcohol
a

%Yield

crude yield; b 1.5 mol equiv.; c 2.7 mol equiv.
57 JOJ12I10-1, JO J12III10-2
58 JOJ13III25-1
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Table 11. 1H NMR shifts of cymantrene synthetic intermediates and derivatives with alkyne tether (ppm)
3,4-Cp

2,5-Cp

CH

CH2

CH2CCH

CCH SCH3 3-Py 4-Py 5-Py 6-Py

4.92

5.44

4.69

4.82

4.32

4.70

4.89

4.22

4.91

5.51

4.25

4.86

5.47

3.34

2.13

4.66

4.80,4.91

2.63, 2.79

2.13

4.68

4.82

FC a

CMA b
CMC
CAC

S1

S1-OH c
4.40

CM-OCCH
4.19

4.19

2.47

2.75,2.88

4.24-4.43

2.48

S1-OCCH
4.65
a

4.91,4.95 4.24-4.43

CHO peak appears at 9.60 ppm; b OH peak appears at 1.66 ppm, c OH peak was not observed
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2.15

Table 11. 1H NMR shifts of cymantrene synthetic intermediates and derivatives with alkyne tether (ppm)
3,4-Cp

2,5-Cp

CH

CH2

CH2CCH

CCH SCH3 3-Py 4-Py 5-Py 6-Py

2.58-2.88

2.08

S1-CCH
4.81,4.90 5.41,5.58

3.68

1.96

Py1 (ketone)
4.83

5.54

4.09

4.74

5.30

4.42

4.62

4.78

5.44,5.57

4.43

2.74,3.01

7.43

4.62

4.99

7.64

3.26

7.43

8.55

6.94

7.66

6.94

8.16

7.19

7.57

7.31

8.45

7.17

7.57

7.17

1.96

8.58

7.22

7.69

7.30

1.94

8.63

7.28

7.74

7.28

Py1 (enol)
5.65

Py2 d
3.11

Py1-CCH

Py1-bisCCH

d

OH peaks appears at 1.63 ppm
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Table 12. Manganese carbonyl stretching frequencies of cymantrene
derivatives with tethered alkynes in heptane (cm-1)
Tricarbonyl
CO (symmetric)
CO (asymmetric)
2027
1947
CM-OCCH
2026
1947,1941
1-OCCH
2035
1963,1953
S1-CCH
2034
1959,1954
Py1-CCH
2033
1959,1952
Py1-bisCCH
1980
1919, 1913
cCM-OCCH
1980
1919, 1914
cS1-OCCH_CC
1984, 1982
1926, 1920
cS1-CCH_CC
1982
1922
cPy1-CCH_CC
1980
1920
cPy1-bisCCH_CC
a
1947
1889
cS1-OCCH_S
1958
1900
cS1-CCH_S
a
cPy1-CCH_py
1946
1890, 1885
a
1949
1891
cPy1-bisCCH_py
a
Assumed to be under overlapping peak

3.4

Photochemistry of cymantrene derivatives with alkyne tether

3.4.1

Spectral analysis of irradiated CM-OCCH in heptane (JOJ14IX22-1)
CM-OCCH is considered a monofunctional derivative, which only contains a

propargyloxy group (Scheme 39). Because IR data on irradiated CM-OCCH in film have
been previously reported without spectra,3 spectra of the compound in a heptane solution
were obtained (Figure 24). Before irradiation, bands appeared at 2027 and 1947 cm-1.
After 30, 60, and 90 seconds of irradiation at 254 nm, new bands appeared at
1980/1919/1913 cm-1 (assigned to an isomeric mixture of cCM-OCCH) with no
dependence on the amount of irradiation. Assuming no bi-products are forming, the
conversion of the tricarbonyl to the photoproducts (when comparing the peak heights for
the loss of 2027 cm-1 and the growth of 1980 cm-1) is 30%.
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Scheme 39. Irradiation of CM-OCCH
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1860

Figure 24. FTIR difference spectra of irradiated 1.2 mM
CM-OCCH in heptane under argon after 30, 60, and 90 seconds of
irradiation at 254 nm

3.4.2

Irradiation of S1-OCCH (JOJ14V16-3)
S1-OCCH is a bi-functional analog of CM-OCCH, capable of producing

proparygyloxy and methyl sulfide chelates (Scheme 40). Before irradiation of a 1.2 mM
solution in heptane at 254 nm, a peak was observed at 330 nm (Figure 25). After
irradiation, the sample changed from colorless to yellow, and the shoulder absorbance
from 350 to 550 nm increased. Further irradiation lead to precipitation in the sample.
After irradiation of the 254 nm-irradiated sample at 465-485 nm, no notable changes
were observed.
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Scheme 40. Irradiation of S1-OCCH
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Figure 25. UV-vis spectra of 1.2 mM S1-OCCH in heptane before
and after irradiation at 254 nm and 465-485 nm under argon,
JOJ14V16

IR spectra were also obtained to observe CO stretching bands of the
photoproducts. Before irradiation of S1-OCCH in heptane, absorption bands were
observed at 2026/1947/ 1941 cm-1 (Figure 26). After irradiation at 254 nm under argon,
new bands appeared at 1980/1919/1914 cm-1 (assigned to cS1-OCCH_CC) and 1889
cm-1 (assigned to cS1-OCCH_S) in a 2:3 ratio (when comparing the peak heights at 1980
and 1889 cm-1). All of the bands persisted after an hour of thermal equilibration (Figure
27).
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Figure 26. FTIR difference spectra of irradiated 1.2 mM
S1-OCCH in heptane under after 30, 60, and 90 seconds of
irradiation at 254 nm under argon, JOJ14V16-3

IR spectra of the 1.2 mM solution after irradiation at 365 and 465-485 nm are also
presented in Figure 27. After irradiation at 465-485 nm, the bands at 1980/1919/1914
cm-1 completely decayed, and the band at 1889 cm-1 decayed by one-third.
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Figure 27. FTIR difference spectra of 1.2 mM S1-OCCH in
heptane after irradiation at 365 nm and subsequent irradiation at
465-485 nm

3.4.3

Spectral analysis of irradiated S1-CCH (JOJ14VI21-3)
S1-CCH is an acetyl cymantrene derivative that contains a tether with a propargyl

and a methyl sulfide group (Scheme 41).

Scheme 41. Irradiation of S1-CCH

UV-vis spectra on S1-CCH following irradiation at 254 nm is presented in Figure
28. Before irradiation of a 1.2 mM solution in heptane, absorbance below 380 nm
exceeded 4.0 AU. After irradiation at 254 nm under argon, the sample changed from
yellow to light red, and a shoulder absorbance around 480 nm was observed. Further
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irradiation lead to precipitation in the sample, and subsequent irradiation of the
pre-irradiated material at 620-635, 520-535, and 465-485 nm led to no obvious changes.
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Figure 28. UV-vis spectra of 1.2 mM S1-CCH in heptane before
and after irradiation at 254 nm and 620-635 nm under argon,
JOJ14VI21
IR spectra on the irradiation of S1-CCH at 254 nm were also acquired (Figure
29). Before irradiation, peaks were observed at 2035, 1963, and 1953 cm-1. After
irradiation at 254 nm, bands were observed at 1984/1982/1926/1920 cm-1 (assigned to
cS1-CCH_CC) and 1958/1900 cm-1 (assigned to cS1-CCH_S) in a 1:4 ratio (when
comparing the peak heights of 1982 and 1900 cm-1). After 60 minutes of thermal
equilibration, the bleached bands recovered by 21% along with comparable decay of the
new bands (Figure 30).
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Figure 29. FTIR difference spectra of 1.2 mM S1-CCH in heptane
after irradiation at 254 nm under argon, JOJ14VI21
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Figure 30. FTIR difference spectra of irradiated 1.2 mM S1-CCH
in heptane one hour after 90 seconds of irradiation at 254 nm under
argon, JOJ14VI21

3.4.4

Spectral analysis of irradiated cS1-CCH_S (JOJ14VII14-3)
cS1-CCH_S was isolated from the irradiation of S1-CCH and was irradiated at

various wavelengths to observe isomerization to cS1-CCH_CC. FTIR spectra after
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irradiation are presented in Figure 31. Irradiation of cS1-CCH_S at 465-485 nm led to
heavy decay of the bands (67% loss), while irradiation at 520-535 and 620-635 nm led to
15% decay with no evidence of new absorption bands.
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Figure 31. FTIR spectra of cS1-CCH_S in heptane after 60
seconds of irradiation at 465-485 nm (bottom), 520-535 nm
(middle), and 620-635 nm (top), JOJ14VII14

3.4.5

Spectral analysis of irradiated Py1-CCH (JOJ14IX15-2)
Py1-CCH is an acetyl cymantrene derivative that contains a propargyl group but

differs from S1-CCH it contains a 2-pyridinyl group instead of a methyl sulfide group
(Scheme 42). Before irradiation of a 0.7 mM solution of Py1-CCH in heptane, CO
stretching bands appeared at 2034/1960/1954 cm-1 (Figure 32). During15 and 30 seconds
of irradiation at 254 nm under argon, new bands appeared at 1982/1922 cm-1 (assigned to
cPy1-CCH_CC) and 1946/1890/1885 cm-1 (assigned to cPy1-CCH_py).
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Scheme 42. Irradiation of Py1-CCH
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Figure 32. FTIR difference spectra of 0.7 mM Py1-CCH in
heptane after irradiation at 254 nm under argon, JOJ14IX15

3.4.6

Spectral analysis of irradiated Py1-bisCCH (JOJ14VII23-1)
Py1-bisCCH is a bis-2-pyridinyl analog of Py1-CCH capable of producing

propargyl and 2-pyridinyl chelates after irradiation (Scheme 43).

Scheme 43. Irradiation of Py1-bisCCH
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UV spectra of the compound before and after irradiation at 300 and 520-535 nm
are presented in Figure 33. Before irradiation of a < 1.0 mM sample in heptane,
absorbance below 250 nm exceeded 4.0 AU, and absorption bands appeared at 288 and
352 nm. After irradiation at 300 nm under argon, the sample changed from colorless to
dark yellow, and absorbance at 288 and 352 nm increased by 32% and 25%, respectively.
Subsequent irradiation at 520-535 nm led to continuous growth at 388 nm,
complementary decay 389 nm, and isosbestic points at 328 and 476 nm. Further
irradiation lead to precipitation in the sample.
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Figure 33. UV-vis spectra of < 1.0 mM Py1-bisCCH in heptane
before and after irradiation at 300 nm then 520-535 nm,
JOJ14VII23
IR spectra of a 1.0 mM sample of Py1-bisCCH in heptane following irradiation at
254 nm are presented in Figure 34. Before irradiation, bands appeared at 2033/1959/1952
cm-1. After 30, 60, and 90 seconds of irradiation at 254 nm under argon, new bands
appeared at 1980/1920 cm-1 (assigned to cPy1-bisCCH_CC) and 1949/1891 cm-1
(assigned to cPy1-bisCCH_py) in a 2:3 ratio with no dependence on irradiation time.
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Figure 34. FTIR difference spectra of irradiated 1.0 mM Py1bisCCH in heptane after 30, 60, 90 seconds of irradiation at 254
nm, JOJ14VII21

After one hour of thermal equilibration, no obvious decay or growth or peaks
were observed (Figure 35). When the 254 nm-irradiated sample was irradiated at
520-535 nm for 10 and 20 seconds, the bands at 1980/1920 cm-1 and 1949/1891 cm-1
decayed by 73% with no other obvious growth or decay in other bands.
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Figure 35. (Top) FTIR difference spectra of 1.0 mM Py1-bisCCH
in heptane after irradiation at 254 nm and thermal equilibration.
(Bottom) FTIR difference spectra of 1.0 mM Py1-bisCCH in
heptane after 254 and 520 nm irradiation, JOJ14VII21

3.5

Synthesis and spectral data summary of pentalenyl derivatives
The tricarbonyl cymantrene derivatives (HpOH and HpOCCH) are yellow

before irradiation. While HpOH is a solid, HpOCCH was isolated as an oil. A summary
of reactions and yields of synthetic intermediates for the synthesis of HpOH and
HpOCCH is shown in Table 13 (See Schemes 25-27). The derivatives were
characterized by 1H NMR spectroscopy (Table 14 for the synthetic intermediates, Table
15 for pentalenyl derivatives, see appendices for NMR spectra), and IR spectroscopy
(Table 16).
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Table 13. Summary of reactions with isolated yields for the synthesis of
synthetic intermediates for pentalenyl derivatives
Reactant
FC

MMT

Reagents

Product

(Carbethoxymethylene)
triphenylphosphorane

CUE
85
CHPE

t-BuOK / diethyl oxalate

CHPE

54
CTPE
88 a

TsCl / TEA
CTPE

ECP
NaBH4 / CuI

CUE

%Yield

NaBH4 / CuI

CUE

67
ECP

38

ECP
H2 / Pd-C

ECP

96
CPA

NaOH

75
HpO

CPA

PPA

86

HpO

HpOH
NaBH4

93
HpOCCH

HpOH

74 a

NaH / BrCH2CCH
HpOPy

HpOH
NaH / BrCH2Py

HpOPh

HpOH
NaH / BrCH2Ph
a

0

crude yield
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0

Table 13. Summary of reactions with isolated yields for the synthesis of
synthetic intermediates for pentalenyl derivatives
Reactant
HpOH

Reagents

Product
HpOPyCCH

%Yield

NaH / 1-(2-pyridinyl)
propargyl tosylate

0

Table 14. 1H NMR shifts of cymantrene intermediates for synthesis of pentalenyl
derivatives (ppm)
CUE

3,4-Cp

2,5-Cp

CH

4.79

5.08

4.73

CH2

OCH2CH3

OCH2CH3

6.09, 7.22

4.21

1.30

5.28

6.07

4.31

1.36

4.76

5.35

6.94

4.13

1.20

4.62

4.62

2.54

4.16

1.24

4.66

4.66

2.60

CHPE a

CTPE b

ECP
CPA
a

OH peak appears at 6.29 ppm; b tosyl peaks appear at 2.44, 7.34, and 7.87 ppm

Table 15. 1H NMR shifts of pentalenyl (Hp) derivatives (ppm)

1-Hp 2-Hp 3-Hp

CH

CH2

4.74 5.03 5.08
2.83 (or 2.89/2.77)
HpO
HpOH a
4.33 4.76 4.59 4.97
1.88, 2.42/2.66
HpOCCH b
4.31 4.76 4.56 4.91
2.02, 2.43/2.60
a
OH peak appears at 1.48 ppm
b
CH2 and CCH peaks appear at 4.25 and 2.43 ppm, respectively
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Table 16. Manganese carbonyl stretching frequencies of pentalenyl (Hp)
derivatives in heptane (cm-1)
CO (symmetric)

CO (asymmetric)

2024
1947,1938
HpOH
2026
1949, 1941, 1938
HpOCCH
1976
1908
cHpOCCH
a
Stretching frequency is approximated due to obscurity by overlapping peak

3.6

Photochemistry of pentalenyl derivatives

3.6.1

Spectral analysis of irradiated HpOH (JOJ13X29-3)
HpOH contains a hydroxy group that is likely incapable of chelation following

irradiation (Scheme 45). An IR spectrum of a 1.1 mM HpOH solution is presented in
Figure 36, where bands appeared at 2024/1947/1938 cm-1. A spectrum of the same
sample after 60 seconds of irradiation at 254 nm showed bleached bands at
2026/1947/1941 cm-1 but no new bands (Figure 37).

Scheme 44. Irradiation of HpOH
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Figure 36. FTIR spectrum of 1.1 mM HpOH in heptane under
argon, JOJ13X29
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Figure 37. FTIR difference spectra of irradiated 1.1 mM HpOH in
heptane after 60 seconds of irradiation at 254 nm under argon,
JOJ13X29

3.6.2

Spectral analysis of irradiated HpOCCH (JOJ13X07-1)
HpOCCH is a mono-functional derivative capable of forming a propargyloxy

chelate (Scheme 45). Before the irradiation of a 1.7 mM HpOCCH sample, CO
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stretching bands appeared at 2026/1949/1941/1938 cm-1 (Figure 38). After 60 seconds of
irradiation at 254 nm under argon, new bands appeared at 1976/1908 cm-1 (assigned to
cHpOCCH) with a shoulder at 1917 cm-1 (Figure 39). The bands showed no significant
decay after one hour of thermal equilibration, and the conversion from the reactant to the
photoproduct was about 95% (based on the peak heights from the decay at 2025 cm-1 and
the growth at 1976 cm-1). Upon irradiation at 254 nm, the color of the solution changed
from colorless to faint yellow.

Scheme 45. Irradiation of HpOCCH
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Figure 38. FTIR spectrum of 1.7 mM HpOCCH in heptane under
argon, JOJ13X07
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Figure 39. FTIR difference spectra of 1.7 mM HpOCCH in
heptane after 60 seconds of irradiation at 254 nm under argon,
JOJ13X07

In the TRIR spectra acquired after the irradiation of a 4.2 mM solution of
HpOCCH in heptane at 355 nm under argon (Figure 40), a band at 1890 cm-1 appeared
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at early nanosecond time delays. Within 500 ns, the band at 1890 cm-1 decayed as a band
at 1908 cm-1 grew.
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Figure 40. TRIR difference spectra of a 4.2 mM solution of
HpOCCH in heptane after irradiation at 355 nm under argon at
various nanosecond time delays, JOJ14III12-1

3.7

Actinometry

3.7.1

Extinction coefficient determination of A9 (JOJ14X07)
Plots of absorbance at 337 and 254 nm versus concentration are presented in

Figure 41 and Figure 42, respectively. A plot of absorbance at 2023 cm-1 versus
concentration is presented in Figure 43. Data from both analyses are tabulated in Table
17.

120

1.2
1

ΔOD

0.8
0.6
0.4

0.2
0
0

1

2
3
concentration (M, 10-4)

4

5

Figure 41. Abs (337 nm) vs concentration plot of A9; 1.0 cm
pathlength; y-int = -0.018 (0.005), ε = 2352 (18) M-1cm-1
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Figure 42. Abs (254 nm) vs concentration plot of A9; 1.0 cm
pathlength; y-int = -0.027 (0.024), ε = 7044 (81) M-1cm-1
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Figure 43. Abs (2023 cm-1) vs concentration plot of A9; 0.5 mm
pathlength; y-int = -0.012 (0.001), ε = 6090 (34) M-1cm-1,
JOJ14X07

Table 17. Experimental data for the extinction coefficient
determinations of 1.78 mM A9 in heptane
Volume of
Conc.*l
ε
Abs.
-1
stock (mL)
(M*cm)
(M cm-1)
-5
0.5
8.90 x 10
0.194
-4
1.0
1.78 x 10
0.394
2352 (18)
1.5
2.67 x 10-4
0.612
at 337 nm
2.0
3.56 x 10-4
0.823
(Int. = -0.018)
2.5
4.45 x 10-4
1.026
0.5
8.90 x 10-5
0.597
1.0
1.78 x 10-4
1.213
7044 (81)
-4
1.5
2.67 x 10
1.868
at 254 nm
2.0
3.56 x 10-4
2.506
(Int. = -0.027)
2.5
4.45 x 10-4
3.085
0.5
4.45 x 10-6
0.015
-6
1.0
8.90 x 10
0.042
6090 (34) a
1.5
1.34 x 10-5
0.069
at 1873 cm-1
-5
2.0
1.78 x 10
0.097
(Int. = -0.012)
2.5
2.23 x 10-5
0.123
a
pathlength = 0.05 cm; all solutions are in heptane;
total volume is 10 mL for every dilution
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3.7.2

Extinction coefficient determination of cA9py (JOJ14XI11, JOJ14XI24,
JOJ14XII08)
A plot of absorbance at 520 nm versus concentration and a plot of absorbance at

1873 cm-1 versus concentration are presented in Figure 44 and Figure 45, respectively.
Extinction coefficient data for cA9py are tabulated in Table 18.
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Figure 44. Abs (520 nm) vs concentration plot of cA9py; 1.0
cm pathlength; y-int = -0.008 (0.012), ε = 2386 (33) M-1cm-1,
JOJ14XI11
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Figure 45. Abs (1873 cm-1) vs concentration plot of cA9py; 0.5
mm pathlength; y-int = 0.0005 (0.0008), ε = 7424 (67) M-1cm-1,
JOJ14XI24
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Table 18. Experimental data for the extinction coefficients of cA9py in UV-vis and IR
regions
Stock
Volume of
Conc.*l
ε
Abs.
Reference
-1
(mM)
stock (mL)
(M*cm)
(M cm-1)
0.5
1.07 x 10-4
0.256
-4
1.0
2.14 x 10
0.498
2386 (33)
-4
2.14
1.5
3.21 x 10
0.752
at 520 nm
JOJ14XI11
(Int. = -0.008)
2.0
4.28 x 10-4
1.00
2.5
5.35 x 10-4
1.28
0.5
4.75 x 10-2
0.060
1.0
9.50 x 10-2
0.146
2349 (117)
0.950
1.5
1.43 x 10-1
0.289
at 520 nm
JOJ14XII05
-1
2.0
1.90 x 10
0.368
(Int. = -0.061)
2.5
2.38 x 10-1
0.508
0.5
6.40 x 10-5
0.200
1.0
1.28 x 10-4
0.412
3642 (70)
-4
1.28
1.5
1.92 x 10
0.668
at 520 nm
JOJ14XII08
2.0
2.56 x 10-4
0.908
(Int. = -0.038)
2.5
3.20 x 10-4
1.118
-6
0.5
3.50 x 10
0.026
1.0
6.95 x 10-6
0.053
7424 (67)
-5
1.39
1.5
1.05 x 10
0.078
at 1873 cm-1
JOJ14XI24 a
-5
2.0
1.39 x 10
0.103
(Int. = 0.001)
-5
2.5
1.74 x 10
0.130
0.5
2.38 x 10-6
0.034
-6
1.0
4.75 x 10
0.051
7747 (89)
0.950
1.5
7.15 x 10-6
0.071
at 1873 cm-1
JOJ14XII05 a
-6
2.0
9.50 x 10
0.089
(Int. = 0.015)
2.5
1.19 x 10-5
0.107
0.5
3.20 x 10-6
0.010
1.0
6.40 x 10-6
0.035
7906 (180)
-6
1.28
1.5
9.60 x 10
0.063
at 1873 cm-1
JOJ14XII08 a
2.0
1.28 x 10-5
0.084
(Int. = -0.015)
-5
2.5
1.60 x 10
0.112
All solutions are in heptane; total volume is 10 mL for every dilution; pathlength = 1 cm
Avg ε520 = 2792 (140) M-1cm-1; Avg ε1873 = 7692 (212) M-1cm-1
a
pathlength = 0.05 cm

3.7.3

Extinction coefficient determination of cA9hy at 1863 cm-1 (JOJ15II12-1)
IR data for the irradiation of cA9py at 520 nm are presented in Figure 46 and

Table 19. Irradiation of the chelate mixture at 520 nm led to the decay of the band at
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1873 cm-1 and growth of the band at 1863 cm-1. The averaged conversion ratio (│ΔA1863
/ΔA1873│) was 0.84, and the extinction coefficient for cA9hy was determined to be 7692
(212) M-1cm-1 x 0.84 = 6461 M-1cm-1, assuming no other products are formed.

0.06
0.04
5 s irr at 520 nm
10 s irr at 520 nm
15 s irr at 520 nm

ΔOD

0.02

0.00
-0.02

—
—

-0.04

5 s irr at 520 nm
10 s irr at 520 nm

-0.06

-0.08
1960

1920

1880
wavenumber (cm-1)

1840

1800

Figure 46. FTIR difference spectra of irradiated cA9py in heptane
after 5-15 seconds of irradiation at 520-535 nm from two
experiments, JOJ15II12-1 (—) and JOJ15II12-2 (—)

Table 19. Experimental IR data for the conversion of cA9py to cA9hy in heptane
Irr
Trial
A1873, i A1873, f ΔA1873 A1863, i A1863, f ΔA1863 |ΔA1863 /ΔA1873|
time (s)
5
0.098 0.074 -0.025 0.030 0.050 0.019
0.78
1
10
0.098 0.050 -0.049 0.030 0.072 0.041
0.85
15
0.098 0.041 -0.057 0.030 0.083 0.053
0.92
5
0.074 0.048 -0.026 0.019 0.039 0.020
0.78
2
10
0.074 0.037 -0.037 0.019 0.051 0.033
0.87
i = initial, f = final; pathlength = 0.05 cm; average |ΔA1863 /ΔA1873|= 0.84±0.03

3.7.4

Actinometry calibration with Aberchrome 540 (JOJ14XI20-1)
The average photon ratios (RI, Equation 6) in Table 20 were determined before or

after the quantum yield determinations.
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Table 20. Experimental data for photon flux ratio determinations
Experiment

ΔA494

Mass (g)

Sample Reference Sample Reference
0.355
0.624
0.551
0.959
JOJ14XI20a 2.001
1.985
0.373
0.644
0.597
1.027
0.031
0.478
0.443
0.691
JOJ14XII14b 1.916
2.085
0.143
0.228
0.552
0.869
0.271
0.145
JOJ15I23-2b 1.924
1.901
0.413
0.704
0.272
0.459
a
-2
12.4 mg fulgide (4.77 x 10 mmol) in 25 mL of toluene
b
13.1 mg fulgide (5.03 x 10-2 mmol) in 25 mL of toluene
Average RI = 0.584 (0.002)

3.7.5

RI
0.573
0.580
0.583
0.586
0.582
0.590
0.578
0.584
0.578
0.593
0.600

Quantum yield determination for formation of cA9py and cA9hy from A9
(JOJ14XI24-2, JOJ15I23-3)
Experimental data (UV-vis and IR) for the 337-nm irradiation of A9 and the

fulgide reference and the formation of cA9py and cA9hy are presented in Table 21.

Table 21. Experimental data for the quantum yield of cA9py and cA9hy formation
ΔA
ΔA
ΔA
Avg
Avg
ms
mr
Φ1873 Φ1863
Experiment
Φ
Φ
494, r
1873, s
1863, s
1873
1863
1.614 2.261 0.378 0.017 0.006 0.279 0.124
1.697 2.065 1.111 0.036 0.013 0.242 0.108 0.253
0.114
JOJ14XI24-2
1.526 2.200 0.842 0.033 0.012 0.248 0.112 (0.009) (0.004)
1.787 2.228 0.641 0.022 0.008 0.245 0.111
1.327 2.033 0.422 0.017 0.007 0.247 0.117
1.374 2.033 0.607 0.026 0.010 0.267 0.122 0.265
0.123
JOJ15I23-3
1.451 2.033 0.602 0.025 0.010 0.269 0.128 (0.007) (0.002)
1.380 2.033 0.778 0.035 0.013 0.279 0.125
ε1873 = 7692 M-1cm-1, ε1863 = 6461 M-1cm-1, lr = 1.0 cm, ls = 0.05 cm
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3.7.6

Extinction coefficient determination of DBMe2 (JOJ15IV06-1)
A plot of absorbance at 337 nm versus concentration and a plot of absorbance at

254 nm versus concentration are presented in Figure 47 and Figure 48, respectively.
Extinction coefficient data for DBMe2 are tabulated in Table 22.
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Figure 47. Abs (337 nm) vs concentration plot of DBMe2; 1.0
cm pathlength; y-int = 0.009 (0.003), ε = 1187 (28) M-1cm-1,
JOJ15IV06-1
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Figure 48. Abs (254 nm) vs concentration plot of DBMe2; 1.0
cm pathlength; y-int = 0.024 (0.011), ε = 7733 (115) M-1cm-1,
JOJ15IV06-1

Table 22. Experimental data for the extinction coefficient
determinations of DBMe2 in heptane
Stock Volume of
Conc.*l
ε
Abs.
(mM) stock (mL)
(M*cm)
(M-1cm-1)
0.1
8.90 x 10-5
0.041
0.2
5.04 x 10-5
0.065
1187 (28)
-5
0.3
7.56 x 10
0.098
2.52
at 337 nm
0.4
1.01 x 10-4
0.131
(Int. = 0.009)
-4
0.5
1.26 x 10
0.161
0.6
1.51 x 10-4
0.186
-5
0.1
8.90 x 10
0.216
0.2
5.04 x 10-5
0.407
7733 (115)
-5
0.3
7.56 x 10
0.608
2.52
at 254 nm
0.4
1.01 x 10-4
0.826
(Int. = 0.024)
0.5
1.26 x 10-4
0.994
0.6
1.51 x 10-4
1.183
pathlength = 1.0 cm; total volume is 10 mL for every dilution
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3.8

Chelate stability under CO

3.8.1

FTIR analysis of S3 under CO (JOJ14IX15-2)
IR difference spectra of a 2.6 mM solution of S3 in heptane after 60 seconds of

irradiation at 254 nm under argon and CO are presented in Figure 49 and Figure 50,
respectively. Absorption values corresponding to the spectra are tabulated in Table 23.
After irradiation under argon, bleach absorption appeared at 2032/1959/1952 cm-1, and
new bands appeared at 1957/1898 cm-1 (assigned to a sulfide chelate). Within 60 minutes
of equilibration, the bleach at 2032 cm-1 recovered by 6%, while the band at 1898 cm-1
decayed by 21%.

0.1

ΔOD

0.05

0

-0.05

60 s irr at 254 nm
10 min delay
60 min delay

-0.1
2020

1980
1940
wavenumber (cm-1)

1900

1860

Figure 49. FTIR difference spectra of 2.6 mM S3 in heptane after
60 seconds of irradiation at 254 nm under argon, JOJ14IX15-2

After irradiation under CO, the same bleaches and new bands were observed
(Figure 50). Within 60 minutes of thermal equilibration, the bleach at 2032 cm-1
recovered by 26%, while the peak at 1898 cm-1 decayed by 30%.
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Figure 50. FTIR difference spectra of 2.6 mM S3 in heptane after
60 seconds of irradiation at 254 nm under CO, JOJ14IX15-2

Table 23. FTIR difference data on 2.6 mM S3 in heptane
after 60 seconds of irradiation at 254 nm under argon and CO
Delay after irradiation
A2034
A1952
A1957 A1898
under argon (min)
0
-0.082 -0.081 0.023 0.078
10
-0.080 -0.078 0.018 0.071
60
-0.077 -0.070 0.009 0.062
Delay after irradiation
A2034
A1952
A1957 A1898
under CO (min)
0
-0.080 -0.082 0.031 0.085
20
-0.070 -0.072 0.024 0.074
60
-0.059 -0.062 0.015 0.059

3.8.2

FTIR analysis of A1 under CO (JOJ14IX15-3)
IR difference spectra and corresponding data on A1 after irradiation at 254 nm

under CO are presented in Figure 51 and Table 24, respectively. After 60 seconds of
irradiation under CO, the bleach absorption appeared at 2025/1943 cm-1 while new bands
appeared at 1887 (cA1O) and 1879 cm-1 (cA1py). Within 10 minutes of equilibration,
the band at 1887 cm-1 completely decayed with no evidence of bleach recovery, while the
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band at 1879 cm-1 grew by 57%. Within 100 minutes after irradiation, the bleach at 2025
cm-1 recovered by 10%, and the band at 1879 cm-1 decayed by 27%.
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Figure 51. FTIR difference spectra of 2.5 mM A1 in heptane after
60 seconds of irradiation at 254 nm under CO, JOJ14IX15-3

Table 24. FTIR data on 2.5 mM A1 in heptane
after 60 seconds of irradiation at 254 nm under CO
Delay after irradiation
A2025
A1887 A1879
under CO (min)
0
-0.085 0.057 0.053
10
-0.085 0.005 0.092
30
-0.093 0.003 0.083
100
-0.094 0.002 0.067

3.9

Thionation of A5 and organic models
Table 25 presents observations and results from the thionation of selected

reactants. All of reaction mixtures prior to microwave irradiation were colorless, but
irradiation of several reaction mixtures led to distinctive color changes. Only the
reactions involving benzophenone and ethyl picolinate resulted in detectable, but
unstable, thiocarbonyl products via GC-MS analysis (data not shown). In both reactions,
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the color of the respective product vanishes within hours, and subsequent GC-MS
analysis shows the presence of starting material. Reactions involving reactants containing
an acetyl group–acetophenone and 2-acetylpyridine–resulted in formation of a black
solid.
Table 25. Preparation of samples for thionation with Lawesson’s reagent
Reactant
Observations and results
Reference
A5
Benzophenone
Ethyl benzoate

JOJ10III09 a, JOJ10III13-3 b

No net reaction
Blue; product photo-oxidizes
back to reactant
Orange; no net reaction

JOJ10III04-5, JOJ10III23
JOJ10II04-1

Ethyl picolinate

Red; product photo-oxidizes
back to reactant

JOJ10II04-5, JOJ10II05, JOJ10III16

Acetone

No net reaction

JOJ10II03, JOJ10II26

Purple then black; reaction
JOJ10II09-1, JOJ10II13
leads to polymerization
Black; reaction leads to
2-Acetylpyridine
JOJ10II09-2
polymerization
a
Solvent is 0.5 mL of toluene; b Solvent is 5 mL of mesitylene
Acetophenone
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CHAPTER 4. DISCUSSION

4.1

Cymantrene derivatives with hydrazone tether
The isomerism of hydrazones (and azo compounds) has been well-documented.

Phenylhydrazones are known to form azo and enamine tautomers with heavy influence
on solvent effects. 59 Ethyl benzeneazobenzoylacetate (aromatic) has been considered an
azo compound, but in fact isomerizes into the hydrazone.60 Aliphatic azo compounds
were prepared by treating hydrazines with aldehydes or ketones at 0-5°C, followed by
isomerization of the resulting hydrazone by distillation with KOH.61
p-Alkoxyacetophenones (alkyl-substituted aryl ketone) were reacted with
propylhydrazine to give hydrazones, which were mixed with KOH and distilled under
nitrogen to give the corresponding azo compounds.62 Moreover, each tautomer has the
ability to undergo cis-trans isomerization, resulting in a total of possible six isomers.
4.1.1

Dimethylhydrazones
The syntheses of A9 and A13 can be confirmed via 1H NMR spectra (Figure 52

and Figure 53, respectively). The peaks shifts and areas for A9 are nearly identical to
those observed for A1.63 The peak for the dimethylhydrazone group appears as a singlet
at 2.59 ppm, which is typical for a dimethylhydrazone group.64 The spectrum of A9 also
contains dimethylhydrazine impurity at 2.42 ppm (4% impurity). The peaks for A13 are
similar to those for A9, but pyridinyl peaks are replaced with phenyl peaks between
7.3-7.7 ppm.
A9 was irradiated under argon to form the pyridinyl chelate (cA9py, 1937/1872
cm-1) and the hydrazone chelate (cA9hy, 1931/1863 cm-1) in nearly a 3:1 ratio with no
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evidence of thermal isomerization (Figure 2). Chelate assignments are based on current
IR data obtained on A9 and A13, the phenyl analog. Because A13 is not capable of
pyridine chelation after irradiation, the photoproduct is presumed to be the hydrazone
chelate cA13hy (1933/1865 cm-1). Moreover, the IR bands assigned to cA9py are close
to those of the A1 pyridinyl chelate cA1py (1941/1878 cm-1).65 cA9py converts to cA9hy
after irradiation at 520 nm but a steady state is reached, where complete conversion is not
observed (Figure 3 and Figure 4). The chelate mixture was irradiated at 365 nm for one
minute, but a spectrum showed no significant conversion, though irradiation at 365 nm
may not have been long enough to observe sufficient changes. When irradiated at 350 nm
for a longer time, cA9hy converts back to cA9py.
TRIR spectra were acquired from A9 and A13 on the nanosecond time delay.
From the spectra of A9 shown in Figure 6, two bands are clearly observed at 1937/1872
cm-1. One could argue that a second band is apparent around 1863 cm-1, and that the
signal is so weak that it becomes buried in the baseline. Though in the minute timescale,
a second band is present. TRIR spectra of A13 after irradiation show the formation of
cA13hy on the nanosecond time delay with no indications of solvent coordination in the
range of 1890 cm-1 (Figure 7).
The extinction coefficients of cA9py were determined to be ε520 = 2792 (140)
M-1cm-1 and ε1873 = 7692 (212) M-1cm-1 (Table 18). With the extinction coefficients, the
quantum yield for the formation of cA9py from A9 was determined to be 0.26 (Table
21), which suggest that A9 absorbs photons that do not result in CO dissociation.
The extinction coefficient for cA9hy was determined to be 6461 M-1cm-1 after
measuring the conversion of cA9py to cA9hy (the growth of cA9hy / the decay of
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cA9py) and multiplying the ratio by the extinction coefficient of cA9py. Due to the
closeness of the chelate peaks in the IR spectrum, spectra were acquired at 0.5 cm-1
resolution to minimize overlap that would lead to inaccurate absorbance values. After
applying the extinction coefficient to data from current actinometry studies, the quantum
yield for the formation of cA9hy from A9 was determined to be 0.12 (Table 21). The
yield is expected to be lower than the formation of cA9py since the cis/trans
configuration of the hydrazone group directly affects its chelating ability (Scheme 46).
When A9 or cA9py are in the trans configuration, the imine nitrogen points away from
the metal, while the dimethylamine group provides steric hindrance. The extinction
coefficients of A966 and methyl cymantrene67 at 337 nm are 2352 and 1100 M-1cm-1,
respectively, which suggests that the sidechain on A9 absorbs about the same amount of
photons as the metal. The quantum yield for the formation of a pyridinyl adduct from
methyl cymantrene is 0.65.67 If this value were to be used as an upper limit for the
formation of cA9py + cA9hy, then the theoretical yield would be (1100 M-1cm-1 / 2352
M-1cm-1) x 0.65 = 0.30, which is reasonably close to the experimental value of 0.38 (from
0.26 + 0.12).
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Scheme 46. Formation of cA9hy from the irradiation of A9 and cA9py. Only the cis
conformer is able to produce cA9hy.
4.1.2

Phenylhydrazones
1

H NMR spectra of A7 and A8 are presented in Figure 57 and Figure 59,

respectively. The peak shifts and area for the Cp ring, methylene, and pyridinyl group are
similar to those for A1. A broad singlet peak for the NH group appears at 7.84 ppm,
which is likely due to the deshielding effect of a geminal phenyl group. A multiplet with
an area greater than 5 H (due to overlap with the solvent peak) appears at 7.26 ppm,
which represents the phenyl group on the hydrazone. The peaks for A8 are analogous to
A7 with the exception of phenyl group. In Figure 59, both phenyl groups overlap between
7.17-7.44 ppm, but the NH peak appears as a broad singlet at 7.65 ppm.
The IR spectrum of the A7 tricarbonyl is similar to that of A8 in that four bands
are observed for the trans-cis isomers (Figure 8 and Figure 10). A7 and A8 are similar
after irradiation in that the initial bands decay to the more stable azo chelate (~1961/1905
cm-1). The bands formed after irradiation were assigned to the η2-azo chelate and the
pyridine chelate, respectively, based computational studies by Roger Letterman.68
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Letterman also predicts the most stable chelate is the η1-nitrogen chelate of an azo
tautomer (Scheme 47).
When A7 was irradiated under argon, two overlapping chelate peaks were
observed at 1878 and 1874 cm-1 (Figure 14). The bands were determined to be the
imine-bound hydrazone chelate and the pyridinyl chelate, respectively, after comparing
bands of pyridinyl chelates of irradiated A9, A6, and A1 and the hydrazone chelate of
irradiated A8. The amine nitrogen on the hydrazone group is not only sterically due to the
phenyl group, but also the lone pair of electrons is not as available for coordinating due to
delocalization. During thermal equilibration, the band at 1878 cm-1 decayed as the bands
at 1980/1926 and 1874 cm-1continued to grow, suggesting that the hydrazone chelate was
thermally converting to the pyridinyl chelate and an N2 adduct (Scheme 47).

138

Scheme 47. Irradiation of A7 in the presence of dinitrogen.
cA7hy is unstable, thermally converting to cA7azo and an
N2 adduct

Like A7, A8 undergoes cis-trans isomerization when heated (Figure 10). When
the solution that was not heated was analyzed the day after, the four peaks were observed,
which shows that the transformation is thermally induced.
The synthesis and isolation of cis-A8 was attempted for further characterization.
Based on computational predictions by Roger Letterman and IR data on A8, bands for
cis-A8 were assigned to 2024/1943 cm-1, and the bands for trans-A8 were assigned to
2026/1953/1932 cm-1.
After the irradiation of an A8 isomeric mixture under argon (Figure 16), the
hydrazone chelate bands (1942/1879 cm-1) persisted during thermal equilibration (> 20
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minutes with little -CO recombination) in contrast to irradiation under nitrogen gas
(chelate bands were not observed, Figure 15). Based on the spectra (with and without the
N2), the gas willingly displaces the hydrazone chelate (Scheme 48). Like in the
irradiation of A7, A8 has a peak near 1879 cm-1, suggesting that the peak represents the
hydrazone chelate.

Scheme 48. Irradiation of A8 in the presence of dinitrogen.
cA8hy is unstable, thermally converting to cA8azo and an
N2 adduct
It is also important to note that the transitions in the UV region for irradiated
DBPh (Figure 18) are similar to those for irradiated A8 (Figure 17), suggesting that the
phenylhydrazone group on A8 (and A7) likely absorbs a substantial amount of light and
undergoes a process apart from manganese coordination. An NMR spectrum of DBPh is
presented in Figure 61. A difference in peak shifts for the methylene group of DBPh
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(4.14 ppm) and the starting material deoxybenzoin (4.26 ppm)69 helps confirm the
formation of product. A new peak at 7.50 ppm, which is assigned to the NH group, is also
observed within the same region as the NH peak for A8 (7.65 ppm). Moreover, the peak
shifts and their areas in the aromatic region are congruent with three phenyl rings, and
peaks were assigned based on similarities with those of A7, A8, and deoxybenzoin.
4.1.3

Dihydrohydrazones
1

H NMR spectra for A6 and A12 are presented in Figure 62 and Figure 64,

respectively. The peak shifts and areas are nearly identical to those for A1. In the
spectrum of A6, a broad singlet with an area of 2 H appears at 5.74 ppm, which is
assigned to the NNH2 moiety based on the assignments for benzophenone hydrazone
(NNH2 is at 5.42 ppm).74 In the spectrum of A12, peaks for a phenyl group appear at 7.64
and 7.35 ppm, while the NNH2 peak appears as a broad singlet at 5.56 ppm.
When A6 is irradiated under argon (Figure 20), the pyridinyl chelate and the
amine-bound68 hydrazone chelate initially formed with no evidence of the N2 adduct.
Within 12 minutes, with no nitrogen present to compete, the amine-bound hydrazone
chelate converted to the azo chelate and the A6 tricarbonyl, while the pyridinyl chelate
persisted well after 20 minutes (Scheme 49). The azo chelate does not form immediately
after irradiation but forms upon the loss of the amine-bound hydrazone chelate, which
possibly suggests that the amine-bound hydrazone chelate may undergo a metal-induced
tautomerization via a mechanism that has yet to be determined.
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Scheme 49. Irradiation of A6 under argon to produce cA6py and cA6hy. The
unstable cA6hy contains a Mn-amine bond, but either thermally converts to
cA6azo or back to A6.

The irradiation of A12 under the argon produced only a hydrazone chelate (Figure
21). However, as time progressed, the hydrazone chelate decayed instead of converting to
an azo chelate. Because A12 contains a phenyl group instead of a pyridinyl group like A6
and A7, it can be implied that the conversion from a hydrazone chelate to an azo chelate
is induced by the mildly basic pyridinyl group in a mechanism that has yet to be
determined. In Figure 21, the hydrazone chelate is likely decomposing with little to no
tricarbonyl recovery.
4.2

Cymantrene derivatives with alkyne tether

4.2.1

CM-OCCH and CM-OPyCCH
CM-OCCH was synthesized from cymantrene in a series of steps including the

synthesis of formyl cymantrene and cymantrene methyl alcohol (overall yield of 28%
from cymantrene). The NMR peak shifts for the compound in Figure 79 were compared
to literature values reported by Kelbasheva et al.70. The spectrum also contains alkane
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impurities as well as perhaps an allene impurity based of peaks shifts at 5.96 and 4.01
ppm, which are consistent with a terminal allene. IR spectra of CM-OCCH show the
likely formation of a mixture of stereoisomers with degenerate symmetric stretching. This
conclusion is based on similar IR spectra reported by Kelbasheva et al. from the
irradiation of an allyl/2-pyridinyl complex. The conversion from tricarbonyl to chelate
mixture is about 30% (Figure 24). When compared to the irradiation of the pentalenyl
analog, HpOCCH (95% conversion yield, Figure 39), CM-OCCH is more than three
times less efficient at chelation, which may be due to the less-restricted sidechain’s
inability to immediately coordinate upon dissociation of a CO.
The synthesis of CM-OPyCCH was attempted by reacting CMC with
1-(2-pyridinyl)propargyl alcohol, but ultimately no product formation was observed.
NMR spectra on a sample of the reaction mixture showed unidentifiable peaks in the
pyridinyl region that differed from the shifts of 1-(2-pyridinyl)propargyl alcohol,
suggesting that the alcohol was undergoing side reactions instead.
4.2.2

S1-OH and S1-OCCH
The NMR spectrum in Figure 72 shows inequivalent methylene peaks at

2.63/2.79 ppm and a peak for a methine group at 4.40 ppm, which confirms the reduction
of the carbonyl group in S1. Instead of two Cp peaks like in S1 (Figure 71), S1-OH has
three Cp peaks, where the two protons closest to the chiral carbon are now inequivalent.
The hydroxy group on S1-OH was alkylated with a propargyl group to form S1-OCCH.
In the NMR spectrum in Figure 73, the peaks for the propargyl group appear at 2.48 and
4.32 ppm. These peak shifts and their areas are consistent with previous results for the
monofunctional derivative CM-OCCH.71 Also in Figure 73, the methylene hydrogens of
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the propargyloxy group and the hydrogens on the chiral carbon overlap each other, which
are based on peak integration values and expected peak region. The peak at 2.8 ppm is a
doublet of doublets due to the inequivalent protons of d being split by each as well as the
proton on c. Unknown alkane impurity also appears at 0.89, 1.26, and 1.40 (6%
impurity).
When S1-OCCH was irradiated at 254 nm, the sulfide chelate cS1-OCCH_S and
a diastereotopic mixture of propargyloxy chelates cS1-OCCH_CC were formed in a 1:1
ratio (Figure 26). The IR bands for the CO stretching frequencies of the propargyloxy
chelates were assigned based on comparable stretching frequencies of cCM-OCCH
(Figure 24). After one hour in the dark (Figure 27), IR results show all three
photoproducts remained, but bleach recovery can be observed, which is likely due to a
non-homogenous mixture of the irradiated material and starting material in the IR cell
during analysis. After an hour, the non-irradiated material in the cell could have settled in
the path of the IR beam via simple diffusion and altered the amount of the tricarbonyl that
seemed to be lost.
Broad absorbance from 350 to 550 nm in the UV-vis spectra shows that the
chelate isomer spectra are not well-resolved (Figure 25). Irradiation of the product
mixture at 465-485 nm led to the decay of cS1-OCCH_CC without net conversion to
cS1-OCCH_S (Figure 27). Perhaps cS1-OCCH_CC (a) decomposes or precipitates
upon irradiation, (b) the side chain is not rigid enough to provide efficient isomerization,
and/or (c) irradiation at 465-485 nm is not effective.
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4.2.3

S1-CCH
In contrast to the NMR spectrum of S1 (Figure 71), the spectrum of S1-CCH in

Figure 74 presents four peaks of equal area within the Cp region, showing that all of the
protons on the Cp ring of S1-CCH are inequivalent. In Figure 74, the proton c is on a
chiral carbon and appears as a triplet after being coupled to the inequivalent protons of e.
The peak for the methyl sulfide (d) unexpectedly shifts upfield by almost 0.2 ppm. The
spectrum also contains traces of ethyl acetate from the purification steps (7% impurity).
The irradiation of S1-CCH at 254 nm produced a sulfide chelate cS1-CCH_S and
a diastereotopic mixture of propargyl chelates cS1-CCH_CC in a 1:4 ratio (Figure 29),
which differs from the 1:1 product distribution observed from the irradiation of
S1-OCCH. Furthermore, the CO stretching frequencies for the chelates of S1-CCH are
about 10 cm-1 higher than those of S1-OCCH, suggesting the rigidity of sidechain and
less electron-dense Cp ring (all is due to the acyl group), greatly affect the vibrational
frequencies of the carbonyls. The chelate assignments were determined after comparing
the CO stretching frequencies with those of the S1 chelate (1958/1898 cm-1).72 After one
hour in the dark, both photoproducts remained, but tricarbonyl recovery (or simple
diffusion) can be observed within the first ten minutes.
UV-vis spectra of irradiated S1-CCH are similar to that of S1-OCCH, where the
spectra show that the respective chelates are not well-resolved. In Figure 28, a broad
absorbance from 380 to 900 nm was observed, which did not seem to change after short
irradiation at 620-635 nm.
Irradiation of isolated cS1-CCH_S at 465-485, 520-535, and 620-635 nm did not
lead to the formation of cS1-CCH_CC (Figure 31). In fact, irradiation at 465-485 nm

145

was the most effective in driving the chelate to decomposition based on the loss of
cS1-CCH_S and no evidence of product in the carbonyl region of the IR spectra.
4.2.4

Py1-CCH
The precursor Py1 was synthesized from an acylation reaction between the CME

and litiated 2-picoline, but the reaction produces a racemic tautomer mixture of Py1 as
well as the bis-pyridinyl by-product Py2 (Scheme 50). Based on the NMR spectrum of
Py1 (Figure 75), the ketone is the slightly major tautomer, and the ratio of the tautomers
had not changed after chromatography, which suggests they might be in equilibrium. The
ketone assignments were based on peak shifts and areas that were consistent with the
structure of Py1 and similar to those for A1 and 2-(2-pyridinyl)acetophenone. An NMR
spectrum of Py2 (Figure 76) contains pyridinyl and methylene peak areas that are twice
the value of Cp peak areas, which suggests a second picolyl group was added. In both
spectra, impurity peaks between 0.89 to 1.40 ppm appear but have yet to be identified.

Scheme 50. Synthesis of Py1 and Py2 from a reaction between CME and 2picoline

Py1-CCH was produced in 67% after the reaction between the tautomeric
mixture Py1 with an equal molar equivalence of propargyl bromide. The NMR spectrum
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in Figure 77 contains propargyl peaks at 2.74, 3.01, and 1.96 ppm, which is similar to
expected values. The spectrum also presents peaks at 5.44 and 5.57 ppm, representing
inequivalent Cp protons closest to the side chain containing a chiral center. The spectrum
also contains multiplet alkane impurity at 0.89, 1.26, and 1.40 ppm (8% impurity
assuming impurity is hexane).
Irradiation of Py1-CCH at 254 nm forms cPy1-CCH_CC and a diastereotopic
mixture of pyridinyl chelates cPy1-CCH_py, which persists after 30 minutes of
equilibration (Figure 32). The chelates were assigned after comparing the CO stretching
frequencies with those of the S1-CCH chelates. The alkyne chelates of Py1-CCH and
S1-CCH have similar frequencies, which alludes to the remaining bands belonging to
cPy1-CCH_py.
4.2.5

Py1-bisCCH
Py1-bisCCH was synthesized from the reaction between a cymantrene picolyl

tautomer mixture and excess propargyl bromide in 39% crude yield after several
purification steps. A spectrum of the product in Figure 78 shows propargyl peaks at 3.26
and 1.94 ppm that are twice the peak area when compared to Py1-CCH. Moreover, no
peak at 4.40 ppm for a methine group is observed. The spectrum also contains traces of
impurity, which has not been assigned, but it has also affected peak area at 1.94 ppm.
Before Py1-bisCCH is irradiated at 300 nm, UV-vis spectra show max
absorbance is observed at 228 and 352 nm (Figure 33). Subsequent irradiation at 520-535
nm leads to a conversion between two components (as indicated by the isosbestic points),
suggesting that the compound is undergoing a process and likely isomerizing. Based on
IR spectra (Figure 34), the irradiation of Py1-bisCCH leads to the formation of
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cPy1-bisCCH_CC and cPy1-bisCCH_py in a 1:1.5 ratio. The assignments are
comparable to the chelates of Py1-CCH. Because the sidechain does not contain a chiral
center, a diastereotopic mixture of chelates does not form as in the case of cPy1-CCH
(Figure 32). cPy1-bisCCH_CC and cPy1-bisCCH_py persist after an hour of
equilibration with no obvious tricarbonyl recovery (Figure 35), but they both decay after
excessive irradiation at 520-535 nm.
4.3

Pentalenyl manganese derivatives

4.3.1

HpO and HpOH
Of all the synthetic intermediates, CHPE and CTPE (synthesized in 54% and

88% yields, respectively) are newly made with no literature precedence.
An 1H NMR spectrum of CHPE (Figure 86), presents a peak at 6.29 ppm assign
to an OH, which is similar to the reported literature value of the arene chromium
tricarbonyl analog reported by Caro et al.73 The hydroxyl signal’s splitting pattern
(doublet, J = 1.7 Hz) is due to the proton’s coupling with the methine group. The
compound is also confirmed in 13C NMR (Figure 85) with the presence of a metal
carbonyl peak at 224.9 ppm, the ethoxy peaks at 14.3 and 62.8 ppm, and two olefins
peaks at 103.8 and 140.4 ppm, and three Cp peaks (one quaternary) consistent with
literature values at 82.3, 85.4, 94.1 ppm. Caro mentions that the enolic tautomer is
dominate, because the arene chromium tricarbonyl complex is an efficient
electron-withdrawing unit, which is also applicable to CHPE. The spectrum of the
tosylate CTPE in Figure 86 contains tosyl peaks at 7.87, 7.34 and 2.44 ppm. The methine
(assigned c) is further downfield in comparison to the starting material counterpart, and
the hydroxyl peak is no longer present. Based on the successful CuCl-catalyzed reduction

148

of CUE with sodium borohydride, CTPE was reduced in the same manner to ECP in a
reaction that takes about 20 minutes to complete. When comparing the NMR spectra
between CTPE and ECP (Figure 86 and Figure 87, respectively) the spectrum of ECP
shows the absence of the tosyl peaks and the presence of four protons strongly coupled to
each other at 2.54 ppm. CuCl-catalyzed reduction is a much better alternative to
palladium-catalyzed hydrogenation, which takes at least 36 hours for complete
conversion.
Though literature exists on the synthesis of HpO, no NMR data has been reported
until now. In Figure 89, the two methylene peaks are in an ABCD spin system due to the
deshielding effects and differences in proximity to the oxo group, the Cp ring, and the
metal center. There are three signals for the inequivalent Cp ring protons. The triplet peak
at 5.03 ppm was assigned to b because of the expected proton splitting from c and a. The
peak at 5.08 ppm was assigned to c over a due to the proximity to the oxo group. The
spectrum also shows an unknown alkane impurity at 0.89 and 1.26 ppm (4% impurity
assuming it is hexane).
Peaks assignments for HpOH were based on 1H NMR and COSY data (Figure 90
and Figure 91, respectively). The peak at 1.48 ppm (-OH) was only coupled to the peak at
4.97 ppm, which excludes it from being assigned e or e’. The peak at 2.42 ppm was
assigned to d, because it had an integration of 2 H and was coupled to the peaks at 1.88
and 2.66 ppm (exo-e and endo-e’, respectively). The peak at 4.97 ppm was assigned to f
due to its proximity to the Cp ring and -OH group and its coupling to the peak at 1.48
(-OH). The peak at 4.76 ppm is coupled to two other signals within the Cp region, which
gives the assignment b.
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When the HpOH was irradiated at 254 nm (Figure 37), the loss of starting
material without the formation of product suggests chelation to the hydroxy group is
unlikely (or at least not observable in the minute timescale).
4.3.2

HpOCCH
The product peaks in Figure 92 are similar to the peaks for the starting material

HpOH, but a few of peaks are slightly shifted (i.e. the proton f shifts from 4.97 to 4.91
pm after alkylation of the alcohol). The propargyl group peaks appear at 2.43 and 4.25
ppm, which is consistent with the shifts and peak areas for propargyl groups such as in
2-propynol (2.48 and 4.27 ppm).74 The product also contains an unknown alkane
impurity (14% impurity as lower limit) that appears at 0.89, 1.26, and 1.40 ppm.
HpOCCH can produce an alkyne chelate upon irradiation, which proves
HpOCCH must be endo and therefore the reduction of HpO selectively produces the
endo HpOH. Had the exo isomer formed, the tether would point away from the metal
center, and chelation would not occur. An FTIR spectrum of HpOCCH before irradiation
(Figure 38) shows the presence of at least two possible conformers: 2026/1949/1938 cm-1
and 2026/1941 cm-1, which is likely due to the sidechain’s distinct interaction with the
carbonyls. The propargyloxy side chain has a stronger effect on the stretching frequencies
of the carbonyl when it is forced closer (Scheme 51).

Scheme 51. Distinct orientations of HpOCCH as the
sidechain points towards and away from the carbonyls
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When HpOCCH was irradiated at 254 nm (Figure 39), the thermally stable
propargyl chelate cHpOCCH was produced and assigned to 1976/1917/1908 cm-1 based
on similarities with cCM-OCCH. The fact that there are two asymmetric bands (1917
and 1908 cm-1) suggests that the product is a mixture of conformers, as seen in the
irradiation of CM-OCCH, S1-OCCH, S1-CCH, and Py1-CCH, but one significant
difference is that one isomer dominates the other by a factor of five based on peak
heights. The conformational restraints by the bicyclic ring to favor one orientation are
likely the contributing factor. Moreover, the nearly full conversion from the HpOCCH to
cHpOCCH (95% conversion), the stability of the chelate after one hour, the IR band
separation between the tricarbonyl and chelate, and weak absorption in the visible region
make the propargyloxy group a potential component for a photochromic system.
Time-resolved studies on HpOCCH (Figure 40) showed that only a transient at
1890 cm-1 (either solvent coordination or an agostic interaction) is observed at early time
delays despite the bicyclic ring (Scheme 52). Within 500 ns, the solvent adduct converts
to the alkyne chelate (1909 cm-1).

Scheme 52. Proposed routes for the chelation of HpOCCH
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4.3.3

HpOPy, HpOPh, and HpOPyCCH
The synthesis of HpOPy, HpOPh, and HpOPyCCH were attempted using a

procedure similar to the synthesis of HpOCCH, but each reaction resulted in a nearly full
recovery of the starting material HpOH based on 1H NMR analyses. Unlike the synthesis
of HpOCCH, which called for a propargyl bromide reagent, the reagents for the
synthesis of HpOPy, HpOPh, and HpOPyCCH (2-(bromomethyl)pyridine, benzyl
bromide, and 1-(2-pyridinyl)propargyl tosylate, respectively). Each contains an aromatic
ring that may sterically inhibit a substitution reaction with the oxygen atom of HpOH,
which is also sterically crowded by the metal carbonyl moiety.
4.4

Chelate stability under CO
When S3 was irradiated under argon (Figure 49), a sulfide chelate formed and

persisted after an hour of thermal equilibration, which is consistent with previous studies
on the chelate.75 About 6% of the bleach was recovered, which could be due to a
combination of instrumental drift and CO recombination. The sulfide chelate decayed by
21%, but the amount of S3 recovered does not correspond with the decay of the sulfide
chelate, which could mean either another form of decay is occurring or simple diffusion
is altering the amount of material being detected over time. When S3 was irradiated
under CO, tricarbonyl recovery was increased to 26%, which corresponded with the 30%
decay of the sulfide chelate. The study shows that CO can displace the sulfide chelate
albeit instrumental drift and diffusion factors (Figure 50).
In the irradiation of A1 under CO, the oxygen chelate converts to the pyridinyl
chelate before 10 minutes of thermal equilibration (Figure 51). While little tricarbonyl
recovery was observed, the recovery does not compare to the decay of the pyridinyl
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chelate (27%). By and large, the following conclusion can be made: the presence of CO
does not have an overwhelming effect on the stability of S3 and A1 chelates (within
instrumental error), simple diffusion and/or chelate decomposition are likely contributing
factors, and a study on cA1py/pyridine ligand substitution should be considered to
determine the general strength of the pyridinyl chelate.
4.5

Thionation of A5 and organic models
When applied to heat, Lawesson’s reagent opens to form two dithiophosphine

ylides which then reacts with the appropriate carbonyl (Scheme 53).76

Scheme 53. General thionation mechanism with Lawesson’s reagent
While sulfur is a better electron donor than oxygen, the energy difference between
the p orbitals of sulfur and carbon is greater than that between oxygen and carbon in
ketones,77 making the C=S double bond of most thioketones unstable and susceptible to
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dimerization or photo-oxidation. Studies have shown simple thioketones to be relatively
unstable at room temperature and that only diaryl and highly hindered aliphatic
thioketones are stable enough to be prepared.78
The thionation of several model compounds were examined, however none led to
isolatable products (Table 25). After microwave irradiation, color changes were observed
in most of the reactions, which were attributed to the formation of the thiocarbonyl
product,79 but the color dissipates within minutes, indicating likely reversion back to
starting material. GC-MS analysis further confirms the formation of products and their
decay over various periods of time. No product was observed from the reaction with
acetone, which may come to no surprise, since acetone is the least substituted ketone and
will likely produce the least stable product. Unlike the other reactions, the reaction with
A5 required a solvent due to A5’s high melting point and fear of decomposition at high
temperatures. GC-MS data on the reaction showed no evidence of a peak at 337 m/z that
corresponded to the product. Apart from concerns with reagent miscibility, it is possible
the steric bulkiness of the metal carbonyl moiety is also a contributing factor. Irradiation
of the reactants containing an acetyl group–acetophenone and 2-acetylpyridine–likely
resulted in polymerization as indicated by the formation of a black solid.
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CHAPTER 5. CONCLUSIONS AND SUGGESTED FUTURE STUDIES

While in search of photochromic organometallic systems with required properties
for optical device applications, a series of bifunctional cymantrene derivatives with a
tethered array of hydrazone, 2-pyridinyl, methylsulfide, and propargyl groups were
synthesized and characterized. Of the seven studied bifunctional derivatives, five
exhibited chelate bistability upon irradiation‒A9, S1-OCCH, S1-CCH, Py1-CCH, and
Py1-bisCCH‒with the A9 system displaying photochromic properties.
My studies show that hydrazone groups are NOT valuable in the design
photochromes. Not only do hydrazones thermally and photolytically cis-trans isomerize,
resulting in wasted photon processes, but also they are capable of tautomerizing if the
groups contain at least one labile hydrogen (as observed in the irradiation of A6, A7, and
A8). Moreover, hydrazone groups without two electron-donating substituents, weakly
bind to the metal center with high susceptibility to ligand displacement. On a positive
note, time-resolved IR studies of all the hydrazone derivatives show ultrafast chelation
without undergoing solvent coordination.
The system containing cA9py/cA9hy is considered photochromic, but future
studies should be performed to determine its efficiency in linkage isomerization (Scheme
54).

Scheme 54. Linkage isomerization of cA9py and cA9hy
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The quantum yields for the formation of cA9py and cA9hy from A9 are relatively
low due in part to the strong UV absorption (and subsequent side reactions) of the A9
sidechain. Though this is disappointing, efficient chelation is not as important as linkage
isomerization. One can expect the quantum yield for isomerization of cA9py to cA9hy to
be significantly higher, since visible light is the most optimal energy source and avoids
absorption by the sidechain.
UV irradiation of S1-CCH, S1-OCCH, Py1-CCH, and Py1-bisCCH produces
stable chelates, but the irradiation of chelates with coupled methylsulfide/propargyl
groups using visible light has not led to isomerization. A future study could involve
isolating at least one of the chelates and induce isomerization with UV light. For the
systems containing 2-pyridinyl/propargyl groups, Py1-CCH and Py1-bisCCH, the
ability to linkage isomerize has not been determined, and its study should be continued
(Scheme 55).

Scheme 55. Proposed linkage isomerization between cPy1bisCCH_py and cPy1-bisCCH_CC

Py1-bisCCH is the better compound as it is synthetically easier to produce,
irradiation of the compound does not yield distinct diastereotopic isomers in IR spectra,
and its structural bulkiness may inhibit solvent coordination on a ultrafast timescale (as
seen with the irradiation of S3).12
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The synthesis of CM-OPyCCH was not completed due to the inability to tether
the bifunctional ligand on cymantrene (Scheme 56).

Scheme 56. Attempted synthesis of CM-OPyCCH.

A future study would involve synthesizing a compound similar to CM-OPyCCH
but with one less atom in the sidechain. In turn, a simpler and more feasible synthetic
route can be considered. A proposed compound and its synthesis are shown below
(Scheme 57). A Grignard reaction between A1 and ethynylmagnesium bromide can yield
the appropriate alcohol, and the alcohol can be alkylated with a bulky group (t-butyl or
heptyl) to force the chelating functional groups closer to the metal center while increasing
solubility in alkane solvent.
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Scheme 57. Proposed synthesis of a cymantrene derivative with tethered 2-pyridinyl
and alkyne groups

New and improved synthetic approaches to the formation of functionalized
(η5-pentalenyl)Mn(CO)3 complexes involving shorter reaction times and less expensive
reagents than previous reports were performed. The irradiation of HpOCCH, shows an
increased conversion to chelate when compared to the non-pentalenyl analog,
CM-OCCH. However, time-resolved IR studies provide evidence of chelation via either
solvent coordination or agostic interaction in the nanosecond timescale. Although
chelation in this compound is slow, a second group on the side chain (for coupled
motion) may be the determining factor for excluding transients.
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APPENDIX. NMR SPECTRA
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Figure 52. 1H NMR (CDCl3): A9 (JOJ11XII02-1)
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Figure 53. 13C NMR (CDCl3): A9 (JOJ11XII02-1)
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Figure 54. 1HNMR (CDCl3): A13 (JOJ12IV19-1, JOJ11X10-2)
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Figure 55. 13C NMR (CDCl3): A13 (JOJ12IV19-1, JOJ10XII06)
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Figure 56. 1H NMR (CDCl3): cA13hy (JOJ11X25-1, JOJ11XI06-4)
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Figure 57. 1HNMR (CDCl3): A7 (JOJ10VII10-1, JOJ12III10-2)
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Figure 58. 13C NMR (CDCl3): A7 (JOJ15IV01)
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Figure 59. 1H NMR (CDCl3): A8 (JOJ11XII15-1, JOJ12III27-2)
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Figure 60. 13C NMR (CDCl3): A8 (JOJ11XII15, JOJ12XII18)
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Figure 61. 1H NMR (CDCl3): DBPH (JOJ12III01)
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Figure 62. 1H NMR (CDCl3): A6 (JOJ12IV21-2, JOJ10VII21)
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Figure 63. 13C NMR (CDCl3): A6 (JOJ12IV21-2, JOJ10VII21)
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Figure 64. 1H NMR (CDCl3): A12 (JOJ12II10-4, JOJ12III15-1)
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Figure 65. 13C NMR (CDCl3): A12 (JOJ12II10-4, JOJ12VI25-1)
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Figure 66. 1H NMR (CDCl3): 1-(2-pyridinyl)propargyl alcohol (JOJ13XII09-4)
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Figure 67. 1H NMR (CDCl3): FC (JOJ12I18-3)
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Figure 68. 1H NMR (CDCl3): CMA (JOJ14V29-1)
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Figure 69. 1H NMR (CDCl3): CMC (JOJ14VII03-2)
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Figure 70. 1H NMR (CDCl3): CAC (JOJ14VI07-1)
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Figure 71. 1H NMR (CDCl3): S1 (JOJ14VI07-3)
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Figure 72. 1H NMR (CDCl3): S1-OH (JOJ14V13-4)
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Figure 73. 1H NMR (CDCl3): S1-OCCH (JOJ14V14)
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Figure 74. 1H NMR (CDCl3): S1-CCH (JOJ14VI09-1)
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Figure 75. 1H NMR (CDCl3): Py1 (JOJ14VI26-3, JOJ14VII03)
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Figure 76. 1H NMR (CDCl3): Py2 (JOJ14VII11)

e

df

b a

c

h

9

8

7

6

5

188

4

3

2

0.85

1.16

0.59

0.40

2.00

2.00

2.09

2.16

4.02

7.01

g

1

PPM

Figure 77. 1H NMR (CDCl3): Py1-CCH (JOJ14VII03-6)
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Figure 78. 1H NMR (CDCl3): Py1-bisCCH (JOJ14VII17-3)
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Figure 79. 1H NMR (CDCl3): CM-OCCH (JOJ14IX19-3)
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Figure 80. 1H NMR (CDCl3): (Carbethoxymethylene)triphenylphosphorane (JOJ12XII11-5)
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Figure 81. 1H NMR (CDCl3): 1-(2-pyridinyl)propargyl tosylate (JOJ13XII10-2)
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Figure 82. 1H NMR (CDCl3): 1-phenylpropargyl chloride (JOJ13XII09-1)
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Figure 83. 1H NMR (CDCl3): CUE (JOJ14II14-2)
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Figure 84. 1H NMR (CDCl3): CHPE (JOJ12VIII16-1, JOJ10XI01)
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Figure 85. 13C NMR (CDCl3): CHPE (JOJ12VIII16-1, JOJ10XI01)
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Figure 86. 1H NMR (CDCl3): CTPE (JOJ14II06-2, JOJ14II07-2)
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Figure 87. 1H NMR (CDCl3): ECP (JOJ12I10-4, JOJ14IV02)
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Figure 88. 1H NMR (CDCl3): CPA (JOJ12XI07-3, JOJ13I14-2)
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Figure 89. 1H NMR (CDCl3): HpO (JOJ13I30-1, JOJ12II09-1)
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Figure 90. 1H NMR (CDCl3): HpOH (JOJ13X04-2)
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Figure 91. 1H NMR COSY (CDCl3): HpOH (JOJ13VIII21-1)
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Figure 92. 1H NMR (CDCl3): HpOCCH (JOJ14II10-3)
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